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SARAH MAE BROSNAN: Development of Novel Polyesters as Unique Biomaterials 
(Under the direction of Valerie S. Ashby) 
 
 This thesis describes the development of unique biomaterials, particularly 
radiopaque and shape memory polyester materials.  Specifically, the first developed 
examples of a functionalizable shape memory polymer, monodisperse shape memory 
polymer particles, and highly iodinated processable iodinated materials are discussed 
herein. 
 Materials with dynamically controllable surface chemistry and topography are highly 
desirable.  Here, a functionalizable shape memory system has been designed that has 
uniquely remote-controllable functionality and geometry.  This was accomplished by 
incorporating controlled amounts of an azide-containing monomer into a shape memory 
polymeric material.  These materials are capable of physically changing their surface 
geometry over a range of length scales.  Using copper assisted click chemistry, different 
surfaces are made.  Materials with these combined features can change their presented 
geometry and functionality at tunable transition temperatures. 
Micro- and nanosized particles capable of changing size and shape on command 
remain elusive.  This work presents the first method that uses thermal shape memory to 
create particles of specific sizes and shapes that can shape shift on demand.   Particles are 
fabricated with an initial shape, force is applied to the particle to lock in a temporary shape, 
and the initial shape is returned by heating above the melting temperature. This unique 
method allows for particles that have a variety of starting and temporary shapes, return to 
their original shape at a tunable temperature, and possess tunable surface chemistry. 
iv 
 
Computed tomography is an essential tool for the everyday diagnosis of numerous 
diseases and conditions, but it traditionally relies on contrast agents that are liquid in nature; 
thus, they lack specificity and exhibit rapid extravasation.  Here, iodinated polyesters have 
been developed that show high radiopacity, low cytotoxicity, low cost, and high 
processablity.  By using wholly aliphatic iodinated polyesters, the polymer properties are 
easily tuned to produce a multitude of materials with different thermal and mechanical 
properties.  These iodinated polyesters can then be endcapped with a photo-curable 
methacrylate group, which allows easy processing of the material into films or particles.  
Additionally, radiopaque biomaterials such as implants, components of implants, and 
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1.1 Shape Memory Materials 
 Shape memory materials are a class of smart materials that have become 
particularly interesting as biomaterials over the last half century. These materials are 
uniquely able to change from an initial shape to a temporary shape by the application of an 
external stimulus and mechanical force, and they can return to their original shape solely by 
reapplication of the stimulus. Shape memory materials first appeared in the 1930s as shape 
memory alloys (SMAs) such as copper or nickel-titanium alloys (Nitinol), and today they are 
used in applications such as dental braces and vascular stents.1 These materials have 
exceptional mechanical properties, but they come at high cost and low deformation (< 8%), 
and they are not biodegradable. In the 1980s, shape memory polymers (SMPs) made their 
appearance and have been used in applications including smart clothing, self-tying sutures, 
heat-shrinkable tubes, biomedical devices, and switches.2  
 Shape memory polymers can vary greatly in activation stimulus, mechanical 
properties, and chemical structure. Common stimuli for SMPs include temperature (melting, 
glass, and liquid crystalline transitions), light (UV), magnetic field, electric potential, and 
pH.2-4 Due to the ease of synthesis and ultimate reliability of the final material, SMPs with 
temperature-based transitions, in particular melting or glass, are by far the most commonly 
reported. These materials are generally first crosslinked, either chemically or physically, into 
their initial shape (original shape) to create net points—which aid in preventing chain 
2 
 
slippage or flow. For example, a semicrystalline shape memory thermoset that has a 
melting-based transition temperature is shown in Figure 1.1. The polymer film in its original 
shape has been chemically crosslinked and is below its transition temperature, such that it 
contains crystalline domains. The film can be deformed into its temporary shape by heating 
the film above its transition temperature (Ttrans), thereby melting the crystalline domains, then 
applying mechanical force and fixing the shape by cooling below the transition temperature. 
By mechanically deforming and fixing the film into the temporary shape, the polymer chains 
are forced to adopt a new configuration that is more entropically strained. This strain is then 
released upon reheating above Ttrans in the form of recovery stress, such that its original 
shape is recovered.5 This shape memory effect is typically quantified by the strain fixity, 
Rf(%) = εu/εm·100 (where εu = strain after unloading and εm = temporal strain after 
deformation), and strain recovery, Rr(%) = (εu – εp)/ (εm – εp) (where εp = permanent strain 
after heat-induced recovery and εm = temporal strain achieved by deformation).
2 Significant 
research has been devoted to maximizing these two values for SMPs. 
 
Figure 1.1: A cartoon demonstrating a shape memory cycle. A stimulus and force are 
applied to the original shape, and it is then fixed in its temporary shape. The material will 
remain in that temporary shape until the stimulus is reapplied, at which point it returns to its 
original shape. The insets show the semi-crystalline network during the shape memory 
cycle. 
1.1.1 Shape Memory Materials for Biomedical Applications 
1.  Stimulus




The mechanical properties of SMPs vary based on the type of material and the 
desired application. Because this thesis is focused on the development of biomaterials, this 
review will be on materials for biological applications. There have been many reports of 
using shape memory polymers for biological applications because of the plethora of 
materials that are biocompatible and have good shape memory properties. Polymer 
materials for biological applications should ideally be biocompatible, biodegradable, and 
have similar mechanical properties to the surrounding tissue.  
SMPs for biological applications are typically polyesters (e.g., poly(ε-caprolactone), 
poly(alkyl adipates), polylactides, etc.) because of their general non-toxic and 
biodegradability properties.5-10 Some interesting proposed applications include self-tying 
sutures, stents, artificial muscles, and biosensors.5,6 Lendlein and Langer showed that SMPs 
could be used for biodegradable self-tying sutures made from oligo(ε-caprolactone) and 
2,2(4),4-trimethylhexanediisocyanate thermoplastics. These sutures are an alternative for 
doctors who have to tie sutures internally (Figure 1.2A).9 Another interesting use of shape 
memory polymers for biomedical applications was investigated by Gall and coworkers, who 
designed an epoxy-based shape memory neural probe (Figure 1.2B). Here, the idea was to 
initiate the shape transition after the probe was inserted into undamaged tissue (damaged 
tissue reduces the effectiveness of the probe). Serrano et al. synthesized citric acid based 
shape memory thermosets that had transition temperatures near body temperature and 





Figure 1.2: Applications of SMP materials. Image A shows a self-tying suture going from 
its temporary shape to its original shape; Image B shows a neural probe (rough 1 mm in 
size) going through its shape memory cycle and its potential to push itself beyond the 
damaged tissue; Image C shows the shape memory ability of a citric-acid-based polyester 
SMP. 
1.1.2 Shape Memory Biomaterials on the Micro- and Nanoscales 
 The vast majority of the literature on shape memory materials utilizes materials on 
the macroscopic level (> 1 mm actuations). However, there are several reports that 
demonstrate the micro- and nanoscopic shape memory ability of common SMPs.12-22 Using 
a poly(ethylene)-based SMP, Bae et al. were able to make materials with very small pitch 
sizes using a two-step shape memory technique.18 They accomplished this by first stretching 
the SMP film (above 90 °C) and then imprinting 400 nm lines (above 115 °C) to give the 
temporary shape; then, when the material was heated to 90 °C, the film contracted, yielding 
lines with a smaller pitch (Figure 1.3A). There have also been a few examples of 





Our group, along with the Mather and Aoyagi groups, has demonstrated this potential using 
poly(ε-caprolactone) with human mesenchymal stem cells19, a glassy SMP from the NOA-63 
formulation (a polyurethane) with C3H/10T1/2 mouse embryonic fibroblasts20, and multi-arm 
copolymers of poly(ε-caprolactone) with NIH 3T3 fibroblasts21. All three reports show that, 
during the transition from a lined temporary shape to a flat original shape, cells transition 
from an aligned to a random formation. Figure 1.3B shows an example from the Aoyagi 
group. 
 
Figure 1.3: Shape memory on the micro- and nanoscales. (A) A two-way step polymer 





its second temporary shape with lines now pitched to 200 nm (no longer stretched).18 (B) 
Cells that are cultured on shape memory substrates, showing that cell interact dynamically 
with the dynamic substrate.21 
1.1.3 Chemical Versatility with Shape Memory Materials 
The literature on SMPs contains extensive studies on the effects of various copolymers and 
additives, but only a few reports have discussed chemical functionality in relation to 
SMPs.22,23. Safranski and Gall examined the effects that the chemical structure and crosslink 
density of various types of methacrylate side groups have on thermal, mechanical, and 
shape memory properties.22 Xu and Song showed that the incorporation of an azide 
functionality into polyhedral oligomeric silsesquioxane and polylactic acid networks allowed 
for biofunctionalization of their materials (Figure 1.4).23 The authors did not discuss the 
extent of functionalization or how the polymer properties were affected beyond the retention 
of the mechanical properties, lowering of the Tg, slowing of the shape transition, and 
fluorescence of the film (upon chemical attachment of a fluorescently labeled alkyne-
functionalized Arg-Gly-Asp-Ser). Due to its random incorporation into the network, the 
amount of azide in the system could not be well controlled, and its inclusion was limited to 






Figure 1.4: Shape memory polymer system that contains a reactive functionality. (A) 
Scheme showing the addition of a small molecule azide and then functionalization. (B) The 
fluorescence of the film implies that there is some functionalization of the film. 
1.2 Review of Shape Shifting and Shape Memory Particles 
1.2.1 Techniques to Make Polymeric Particles 
 Much effort has been invested in the development of methods to produce particles of 
various sizes and shapes from a wide range of materials.25-32 Common techniques such as 
emulsion, precipitation, and soft lithography have produced a large library of polymeric 
particles with different sizes, shapes, and compositions. Because the literature on 
fabrication techniques is so vast, the focus will be on techniques relevant to this thesis, 
developed in the DeSimone and Mitragotri groups. 
 Particle Replication in Nonwetting Templates (PRINTTM) is an extremely powerful 
particle synthesis method to create monodisperse particles, developed by DeSimone and 
coworkers.33-37 PRINTTM works by utilizing a photo-curable low-surface-energy fluoropolymer 
to make nonwetting molds from silicon masters (which can vary widely in size and shape). 
Using this low surface energy mold prevents the material (polymer, protein, etc.) from 
staying on the surface between the particles. However, at the same time, the particle 
material remains in the particle wells due to capillary action. The particles are then 
harvested from the mold by using a “sticky” harvesting layer (such as a thin film of poly(vinyl 
alcohol) on PET) to remove the particles from the mold (Figure 1.5A). This unique approach 
has led to a variety of shapes (hexnuts, cubes, arrows, filaments, boomerangs, etc.) on 
varied length scales (10 nm to 200 µm) (Figure 1.5B). This group has also performed some 
interesting work using stretched PDMS masters to created stretched PRINTTM molds and 




Figure 1.5: The PRINTTM process and the various particle shape and sizes this 
process can yield. (A) A thin film material (in solution or in a liquid phase, red) is first made. 
The PRINTTM film (green) is then applied to this film and run through a laminator to place the 
material in the wells and remove excess material. The particles are then retrieved using a 
harvesting layer (yellow). (B) Shows particles of varying size, shape, and composition. (C) 
The left panel shows particles from the original mold and the resulting particles if the mold is 
initially stretched (4 times at 70% elongation each time). 
 The Mitragotri group has also developed an interesting method to produce particles 
of different shapes.38 Here, particles are dispersed in a stretchable poly(vinyl alcohol) matrix, 
exposed to heat and/or solvent, and then stretched in different directions to yield unique 
shapes and sizes (Figure 1.6). While particles of various sizes and shapes were achieved, 
this technique is not universal. Because this technique relies on the starting materials to 
already be in particle form, some of the more unique shapes are limited to certain materials, 
and the heavy use of solvents and heat are required to remove the particles from the matrix. 
Regardless, this group has shown that, using this technique, they can easily study the effect 






Figure 1.6: The above SEMs show the variety of available shape from Mitragotri's stretching 
method. 
1.2.2 Importance of Particle Size and Shape 
Size, shape, and surface chemistry are of critical importance for determining the 
ultimate biodistribution, delivery, and bioactivity of particles.25-32 Over the past decade, there 
have been many reports that exemplify this importance. For example, DeSimone and 
coworkers examined poly(ethylene glycol) hydrogel particles of different sizes, shapes, and 
surface chemistries produced by PRINTTM to illustrate how these properties affect cell 
uptake.1 They found that HeLa cells were able to internalize particles as large as 3 µm, but 
particles that were smaller (hundreds of nanometers) and had higher aspect ratios 
(cylindrical) were much more readily internalized. The importance of aspect ratio was shown 
in a report by Geng et al., in which the uptake and circulation time of spherical particles and 
filaments were compared.31 They found, extraordinarily, that the flexible filament particles 
were able to remain in circulation for up to a week (compared to a maximum of a day for 
spherical particles), were less likely to be taken up by cells under flow, and—because of the 
extended circulation time (preliminary results)—they were better able to reduce tumor size 
over the course of a week (compared to free drug or spherical particles). Using their unique 
method to make particles, Mitragotri et al. studied the ability of polystyrene particles to 
undergo phagocytosis by alveolar macrophages.32 Their results suggest that the shape of a 
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particle dictates not only cellular response but how a cell initially encounters the particle—
there is a different cellular response if a cell contacts pointed end of a rice-shaped particle or 
the long flat side initially (Figure 1.7). 
 
Figure 1.7: The effect of size and shape on particle uptake. Top image shows the effect 
that different sized PRINTTM particles have on internalization; bottom image shows the effect 
of particle shape (and initial contact) has on phagocytosis. 
1.2.3 Shape Shifting Particles 
 There are clear advantages to a particle system that is capable of changing shape at 
a particular time. To that end, there are several reports of shape shifting (not shape 
memory) particles. Stimuli that induce shape changes include light41, pH42-44, DNA45, surface 
tension and viscosity46, and swelling47. It is important to define the difference between shape 
memory and shape shifting. Shape memory implies that there is control of the original and 
temporary shapes, and the original shape is returned upon reapplication of the stimulus. 
Shape shifting particles are much more confined in utility, in that one shape is always 
beyond the control of the researcher, and either the temporary or the return must usually be 
a sphere.  
For example, Shi et al. were able to make shape shifting reversible nanoparticles 
(spheres) by partially crosslinking and un-crosslinking a poly(3,4-dihydroxycinnamic acid-co-
4-hydroxycinnamic acid) based system.41 They were able to increase and decrease the size 





(after irradiation by UV) when the cinnamic acid units cyclized or decyclized. Kozlovskaya et 
al. made microsized hollow hydrogel shells that bulged somewhat reversibly by changing 
from acidic to basic pH. The most interesting example is that of the shape shifting particles 
developed by the Mitragotri group.46,47 Here, stretched polylactide-based particles would 
become spherical when exposed to a stimulus (temperature, pH, or solvent) due to the 
surface tension and viscosity of the stimulated material. They showed that this shape shift 
altered how cells interacted with the particle: the particle would not be internalized until it 
shape shifted into a sphere (Figure 1.8). The Mitragotri group also took advantage of 
crosslinked particles, making “reversible” binary particles that change from one shape to 
another by swelling and deswelling in favorable and non-favorable solvents. The above are 
examples of shape shifting particles—not shape memory particles. To our knowledge, to 
date, there are no reports of a true shape memory particle system. 
 
Figure 1.8: Shape shifting PLGA particles going from rice shaped particles to spherical 
particles as they are exposed to increased temperature (A).46 The effect of this shape shift is 
shown in (B), where the particle will not be internalized until a spherical morphology is 
achieved.47 
1.2.4 Shape Shifting Particles with Shape Memory Transitions 
 While shape shifting particles are interesting, and there are no reported examples of 





worth identifying materials that could be considered shape memory particles—or rather use 
transitions that could be called shape memory.48-50 Liquid crystalline shape memory 
materials are, in ways, more akin to shape memory alloys than traditional shape memory 
polymers because they go through a crystalline phase change. In the case of micro- and 
nanoscale particles, this change results in micro- or nanoscopic sized changes in particle 
size and shape. Yang et al. reported main-chain liquid crystalline polymer nanoparticles that 
had a reversible shape memory transition from ellipsoidal shape (nematic stage) to a 
spherical shape (isotropic).48 These materials are unique because the spherical shape is the 
equilibrium state only when the material is in an isotropic stage (Figure 1.9A). Ohm et al. 
utilized aluminum oxide porous membranes to make liquid crystalline actuators with rod 
lengths of approximately 20 µm. This liquid crystalline pre-polymer (a calamitic three-core 
mesogen with laterally fixed acrylate groups) was placed in an aluminum oxide template and 
co-cured with hexanediol diacrylate.49 When rods were removed from the template they 
would reversibly contract in size as they went from nematic to isotropic phases (Figure 
1.9B). Haseloh et al. used a slightly modified crosslinked polyesters (made from diethyl 
malonate derivatives and bis(hydroxyosyhexyl) bisphenyl derivatives) to make shape-
shifting particles that went from a spherical shape to irregular shapes as they were heated 
from a the smectic A to isotropic phase (Figure 1.9C).50 Unlike previous examples, this 
transformation was irreversible. Overall, while there are many examples of shape shifting 
particles, and even some cases for which this shape shifting is reversible, there remains no 




Figure 1.9: Shape shifting liquid crystalline particles. (A) The particles were heated to 
101 °C (to their isotopic phase) and either flash cool with liquid nitrogen (left) or slowly 
cooled to room temperature (right).48 (B) Liquid crystalline actuator rods at room temperature 
(i), heated to their isotropic stage (ii), and then cooled back to their nematic stage (iii).49 (C) 
Crosslinked liquid crystalline elastomers that when heated (right) go from a spherical 
shape(left) to irregular shapes irreversibly (adapted from reference 50).  
1.3 Review of CT Contrast Materials 
1.3.1 Small Molecule Contrast Agents 
Computed tomography (CT) has become an essential tool for everyday diagnosis of 
numerous diseases and conditions. CT utilizes X-rays to visualize cross-sections of a 
patient, producing either a 2D or 3D image that shows variation in the density of the 
surrounding tissue. The created image is an important diagnostic tool for discovering 
anomalies, such as soft tissue tumors51 or atherosclerotic plaque.52 The quality of the 
developed image is dependent on the electron density of the surrounding material. While the 
difference in the density of muscle tissue versus bone is significant, the same cannot be 
said of softer tissues (such as veins and arteries).53 To improve the visibility of soft tissue, 
contrast agents, which contain atoms with high electron densities such as barium and 






are administered intravenously shortly before an examination. These liquids can be 
monomers (Ultravist®), dimers (VisipaqueTM), ionic (Renografin®), and nonionic 
(OmnipaqueTM) (Figure 1.10).54  
 
Figure 1.10: Structures of common contrast agents (left to right), Ultravist®, OmnipaqueTM, 
and VisipaqueTM. 
These contrast agents are highly effective in increasing the contrast of softer tissues 
around the patient’s body with few side effects in healthy patients; however, patients with 
decreased kidney capabilities such as the elderly, patients with chronic with kidney disease, 
and diabetics are at risk for contrast induced nephrotoxicity (CIN), which further reduces 
renal function.55-57 Additionally, liquid commercial contrast agents lack specificity and exhibit 
rapid extravasation from blood and lymphatic vessels (typical distribution half-life of 
approximately 3 to 10 minutes).53,58 With a rapidly aging population, the need to develop 
contrast agents that are safe for patients with decreased renal function has become 
increasingly important.57 
1.3.2 Nanocarriers of Small Molecule Contrast Agents and Iodinated Nanoparticles 
To circumvent issues commonly associated with commercial contrast agents, much 
research has been conducted to develop novel contrast systems such as nanoscopic 
carriers of small molecule contrast agents and novel polymeric structures containing 
iodobenzenes. Nanosized particles have been shown to have increased circulation times in 
comparison to iodinated liquids, and they are removed typically by the liver rather than the 
kidneys.58 These attributes will allow patients who are at risk for CIN to be imaged without 
further renal deterioration. Examples of nanocarriers include liposomes60-62, emulsions63, 
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surfactant stabilized crystalline particles64, and polymeric nanoparticles65,66. Liposomes have 
been known for decades and have been FDA approved for some drug delivery applications, 
making them appealing carriers for small molecule contrast agents. Samei et al. developed 
a liposomal carrier for Iopamidol that allowed for imaging of vessels in a mouse breast tumor 
with a resolution of 200 microns.60 Liposomes have also been of interest as multimodal 
carriers for both CT and magnetic resonance (MR). Using OmnipaqueTM and an MR imaging 
agent (Prohance®), Zheng not only showed that dual imaging was possible but was able to 
obtain circulation times on the order of days (Figure 1.11).61 Nanoemulsions such as the 
ones made by de Vries et al. have also shown increased circulation times and little in vivo 
toxicity.63 Specifically, they used a polybutadiene-PEG block copolymer to stabilize 
emulsions of several iodinated oils, obtaining enhanced contrast for up to 3 hours. Stabilized 
crystalline nanoparticles of an iodinated acryloxy ester have been used for detection of 
macrophages in rabbits, which could aid in the diagnosis of infectious and autoimmune 
diseases.64  
 
Figure 1.11: Left shows micrographs of the resulting liposomes, and middle and right 
images show the contrast results for both CT and MRI. Figures adapted from reference (61). 
Polymeric nanoparticles have also been used as nanocarriers. Particles with shells 
of crosslinked poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) and 
Lipiodol® (iodinated poppy seed oil)-containing cores have been developed, and these 
particles demonstrated long circulation times and were employed as drug carriers as well.65 
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Similar systems have also been shown with polystyrene microsized particles, which were 
swelled in the presence of 2,3,5-triiodobenzoylethyl ester.66  
While small molecule carriers have the advantage of using materials that are already 
approved for human use, they contain unbound small molecules that could potentially be 
processed through the kidneys. Polymers that contain covalently bound iodine may 
circumvent this issue. Iodine-containing polymers based on methacrylates67-69, anhydride 
esters70, and cellulose71 have been reported. These materials incorporate iodobezene 
derivatives either in the back bone or side groups on the polymer chain. Nanoparticles of 
these polymers have similar properties to the small molecule carriers—longer circulation 
times and clearance through liver and spleen. Aviv et al. showed that polymer nanoparticles 
produced by the emulsion polymerization of 2-methacryloyloxyethyl(2,3,5-triiodobenzoate) 
provided significant contrast enhancement after 30 minutes and allowed for the easy 
visualization of a cancerous mouse liver (Figure 1.12).69  
 
Figure 1.12: Left shows the structure of 2-methacryloyloxyethyl(2,3,5-triiodobenzoate); 
middle shows micrographs of the particles (roughly 50 nm in size); right shows CT scan 
before injection (A), after 3 minutes (B), and after 4 hours post injection. Figures adapted 
from reference (69). 
A cellulose material containing covalently attached 2,3,4-triiodobenzoate in solution 
was able to visualize the infra-renal aorta of a sheep, thus showing potential as a material to 
treat cerebral aneurysms or arteriovenous malformations.71 While all of these developed 
materials are capable of good to excellent contrast and good targeting in some cases, 
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toxicity remains problematic.53 While there is variance in the structure and delivery method 
of contrast agents, almost all iodine-based contrast agents described in the literature utilize 
aromatic ring bound iodine. This structure is presumably employed to increase the stability 
of the bound iodine, but aromatic bound iodine precursors are expensive and poorly 
biodegradable. To our knowledge, there is only one example of a radiopaque non-
aromatically bound iodine contrast agent. This substance was designed mainly for flame 
retardant purposes and contained a significant amount of the brominated precursor.57 
Ideally, a contrast agent should be highly iodinated, biodegradable, biocompatible, long 
circulating, and processable. 
1.3.3. Metal-based Nanoparticle Contrast Agents 
The main predictor of an atom’s contrasting ability is it’s atomic number (Z); the mass 
attenuation coefficient, which governs an element’s contrast, is a function of Z3.72 As a 
result, high-Z metals have generated significant interest as potential CT contrast agents, 
and have been formulated as nanoparticles to prolong circulation in the body.58 The size of 
metal nanoparticles can be precisely controlled, and they are fairly amenable to 
biomodification, but only a few metals have proved suitable for this application based on 
cost, toxicity, and radioactivity considerations.72,73 Recently Oh et al. have reported the 
gram-scale synthesis of bioinert TaOx nanoparticles functionalized with a PEG-silane 
derivative for use in CT imaging (Figure 1.13).74 The nanoparticles circulated in the blood for 




Figure 1.13: Synthesis of the TaOx particles, TEM of particles, and the result of using these 
particles in a mouse model.74 
Rabin et al. have produced a PVP coated Bi2S3 nanoparticle that achieved significant 
enhancement of the cardiac ventricles in Balb/c mice with a circulation time of >2 h and had 
a prolonged blood half-life of 140 minutes, much longer than that of currently used clinical 
formulations.59,75 Numerous groups have investigated Au-containing contrast agents and 
have found appreciable success due to gold’s well-established biocompatibility and flexibility 
in terms of size and functionalizability.72 Work performed recently by Sun et al. produced 
gold particles suitable for CT imaging of cancer cells.76 The gold particles were 
functionalized with glycol chitosan to facilitate enhanced stability and passive targeting of 
tumor tissue through the EPR effect. In addition, research carried out by Alric et al. has 
generated gold nanoparticles in which a gold nanoparticle is functionalized with gadolinium 
chelates linked through disulfide bonds.77  
The toxicity of metal nanoparticle CT contrast agents is unclear; a comprehensive 
prospective toxicity study has not been performed.72 As a result, no metal-based contrast 
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2.1 Introduction  
Controllable surface properties such as surface energy and topography are 
extremely desirable. How a material interfaces with its environment is fundamental to its 
function; thus, research into the development of such materials has been extensive.1-6 This 
consideration is especially important for biomaterials because their surface energy and 
topography affect critical properties such as biocompatibility; cell growth, adhesion, 
alignment, and differentiation; biodegradation; and protein absorption. Dynamic control of 
these functions is even more attractive. Applications for such dynamic materials range from 
deployable materials (such as stents)7-9 to simulation of in vivo environments (cell signaling 
events)10 and biosensors11. 
Stimuli responsive materials have long been aimed to meet these goals.12-16 
Temperature and pH responsive hydrogels such as poly(N-isopropylacrylamide) and its 
copolymers have shown to be good actuating cell substrates because they can switch 
between hydrophilic and hydrophobic surface in a temperature dependent fashion (above or 
below its LCST).17-21 Shape memory polymeric (SMP) materials have also recently been 
explored as dynamic substrates.22-24 These materials are programmed from one shape to 
another with the application of heat and force, and they remain in that temporary shape until 
heated above the transition temperature. These materials demonstrate excellent dynamic 
control of topography (SMPs) and hydrophilicity (hydrogels); however, the chemical 
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structure of these materials limits their ability to be chemically surface-modified without the 
loss of their thermal and mechanical properties. Thus, a truly versatile material capable of 
tunable and dynamic surface chemistry and topography has remained elusive. 
Herein, we describe the material development, surface functionalization, and 
dynamic surface switching behavior of a material that enables true control of both its surface 
chemistry and topography. This was accomplished by designing a shape memory thermoset 
that contained a known shape memory polymer, poly(octylene adipate), and a novel and 
easily functionalizable polymer, poly(octylene diazoadipate). Adjusting the ratios of the two 
segments allowed for facile control of the transition temperature. Topographical actuation on 
multiple length scales (1 mm to 100 nm) was easily achieved, and the surface of the 
material was easily functionalized with a variety of alkynes (e.g., hydrophilic to hydrophobic 
and reactive to non-reactive) using copper assisted Huisgen [3+2]-cycloaddition (click 
chemistry). The combination of micro- and nanoscopic shape memory with surface 
functionalization produced materials that could tunably switch both their surface chemistry 
and topography as they transitioned through the shape memory cycle. These materials are 
therefore ideal substrates for scenarios in which control of the surface chemistry and 
topography is critical. 
2.2 Experimental Methods  
2.2.1 Materials 
All materials were purchased from Sigma-Aldrich or Fisher Scientific unless 
otherwise noted. PRINT® molds were provided by the DeSimone group and used exclusively 
for surface embossment. Alkyne and Rhodamine B functionalized poly(ethylene glycol)s 
(PEGs) were synthesized according to previous literature procedures.25-28 
2.2.2 Monomer and Polymer Characterization 
The monomers and prepolymers were characterized with 1H and 13C NMR using a 
Bruker 400 AVANCE, TA Instruments Q200 differential scanning calorimeter (DSC), Perkin 
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Elmer Pyris 1 TGA (thermogravimetric analyzer) (TGA), and Waters gel permeation 
chromatography (GPC) system relative to polystyrene standards.  
2.2.3. Film Characterization 
All crosslinked films were characterized by DSC, TGA, Instron 5556 Universal 
Testing Machine (Instron), Perkin Elmer’s Pyris Diamond Dynamic Mechanical Analyzer, and 
bright field and fluorescence microscopy. Surface analysis of both the pre- and post-
functionalized films were accomplished with Kratos Axis Ultra DLD X-ray Photoelectron 
Spectrometer (XPS), attenuated total reflectance Fourier transform infrared spectroscopy 
(ATR-FTIR) using a Bruker ALPHA FT-IR spectrometer, and water-in-air contact angles, 
which were measured with a KSV instrument and imaging using the sessile drop method 
(with at least 3 different films per functionality and 5 measurement per film). All SEMs were 
taken on a Hitachi S-4700 Cold Cathode Field Emission Scanning Electron Microscope. 
Raman experiments were performed with a Reinshaw Confocal Raman Spectrometer with a 
735 nm wavelength laser. 
Dynamic contact angle measurements were performed using a KSV-Sigma 700 
dynamic tensiometer using the Wilhelmy Plate method. The dynamic contact angle samples 
were made as follows. First, glass coverslips (22x40x0.18 mm) were cleaned with oxygen 
plasma and then nitrogen purged in a flask. Dry toluene (100 mL per 20 coverslips) was 
added, followed by the addition of 0.3 mL of 3-(trimethoxysilyl)propyl 2-methylacrylate. Glass 
slides were stirred under a nitrogen atmosphere for 2 days and then washed with toluene, 
tetrahydrofuran (THF), and acetone. After drying, a prepolymer solution (containing 2 wt% 
2,2-diethoxyacetophenone, DEAP) was applied to the film using a drawdown bar, resulting 
in ~1 mm coatings on each side. The films were chemically functionalized as needed (same 
modification procedures as below) and cleaned in a similar manner as below; however, 
instead of placing the films into an ethanol soxhlet, they were simply boiled in ethanol for 2 
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hours and dried for 5+ hours at 80 °C.29 Attachment was confirmed by ATR-FTIR before the 
experiments. All samples were prepared in triplicate and averaged over 3 cycles. 
2.2.4 Monomer and Polymer Synthesis 
Synthesis of Diethyl 2,5-diazidoadipate. In a nitrogen purged flask, diethyl meso-2,5-
dibromoadipate (12.67 g, 35.2 mmol) was added with sodium azide (9.15 g, 141 mmol). The 
solvent, 1:1 mixture of H2O and CH3CN was added. The reaction was allowed to stir at 25 
°C for 24 hours. The product was extracted with ethyl ether, dried with MgSO4, and solvent 
removed. The monomer was used without further purification, yield 9.33 g (93%). 1H NMR, 
CDCl3, δ (ppm) 4.27 (q, J = 8 Hz, 4H), 3.91 (t, J = 4 Hz, 2H), 2.00 – 1.94 (m, 2H), 1.82 – 
1.78 (m, 2H), and 1.32 (t, J = 8 Hz, 6H). 13C NMR, CDCl3, δ 169.65, 61.82, 61.38, 27.46, 
and 13.94.  
Copolymerization of 81:19 Diethyl 2,5-diazidoadipate and Adipic Acid. A dry flask 
was charged with diethyl 2,5-diazidoadipate (3.038 g, 10.7 mmol), adipic acid (6.655 g, 45.6 
mmol), 1,8-octanediol (8.472 g, 57.9 mmol), and Novozyme 435TM lipase catalyst (1.82 g). 
The flask was nitrogen purged before heating the reaction to 80 °C. After 5 hours, vacuum 
was very pulled to 40 torr, and that pressure was maintained for 24 hours, at which time it 
was pulled to 3 torr for an additional 6 hours. The polymerization was terminated by 
dissolving the polymer in CHCl3, filtering, and precipitating in cold methanol (-78 °C). Final 
yield was 13.13 g (89%). 1H NMR, CDCl3, δ (ppm) 4.17 (t, J = 6 Hz, 4H), 3.99 (t, J = 4 Hz, 
18H), 3.89 (t, J = 4 Hz, 2H), 3.58 (t, J = 6 Hz, 1H), 2.27 (b, 18H), 1.93 – 1.91 (m, 2H), 1.79 – 
1.76 (m, 2H), 1.63-1.55 (b, 44H), and 1.28 (b, 52H).  
Copolymer End-capping with 2-isocyanatoethyl Methacrylate. In a dry round bottom 
flask, copolymer (5 g, 1.47 mmol) was added, and the flask was nitrogen purged before the 
addition of dry CH2Cl2 (28 mL). The 2-isocyanatoethyl methacrylate (0.87 mL, 6.16 mmol) 
was added, followed by the dropwise addition of tin octanoate (47 µL, 0.059 mmol). The 
reaction was stirred for 24 hours at room temperature. The reaction was terminated by 
28 
 
precipitation into cold methanol (-78 °C), and the prepolymer was dried in vacuum for 24 
hours, yielding 4.89 g of polymer (98%). 1H NMR, CDCl3, δ (ppm) 6.12 (s), 5.59 (s), 4.93 
(m), 4.20 (t, J = 6 Hz, 4H), 4.05 (t, J = 8 Hz, 18H), 3.92 (t, J = 4 Hz, 2H), 3.50 (q, J = 5.3 Hz, 
1H), 2.32 (t, 18H), 1.99 – 1.94 (m, 2H), 1.85 – 1.78 (m, 2H), 1.67-1.58 (b, 44H), and 1.32 (b, 
52H). 
2.2.5 Functional Shape Memory Material Development 
PRINT® Embossing. A prepolymer solution containing approximately 2 wt% DEAP 
(2,2-diethoxyacetophenone) was cast into a mold and placed into a vacuum oven 70 °C for 
1 hour at standard pressure and then 30 minutes under 100 torr. After this time, the PRINT® 
mold was carefully placed on the top of the hot film. While maintaining temperatures 
between 60 and 70 °C, the mold was placed a UV chamber for 10 minutes to cure the 
polymer in the PRINT® mold, creating the permanent shape. The PRINT® mold was gently 
removed before analysis of the patterned crosslinked film. The material’s temporary shape 
was developed by placing a PRINT® mold on top of the polymer film, sandwiching them 
between two glass slides, and placing them in a press with enough force to significantly 
depress the film. This setup was then placed in an oven at 70 °C for 1 hour before being 
placed in the freezer for at least 45 minutes to freeze in the temporary shape. 
Surface Functionalization. Copolymer films, patterned and unpatterned, were placed 
in a small round flask. Under a nitrogen atmosphere, ethanol (15 mL), copper sulfate 
pentahydrate (2 mg, 8 µmol) in 0.5 mL of distilled water was added, followed by sodium 
ascorbate (5 mg, 25 µmol) in 0.5 mL distilled water. After 10 minutes, the alkyne-
functionalized Rhodamine B (80 mg, 0.155 mmol) in 5 mL of distilled water was added 
slowly to the reaction solution. The reaction was allowed to proceed at room temperature for 
2 days. The membranes were rinsed with acetone or hexanes, followed by ethanol, and 
distilled water. The films were soxhlet extracted with 70% ethanol for 2 days, dried for 1 day 
in a vacuum oven, and then analyzed. All films were made in this fashion, except that 
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different solvents were used for propargyl glycine (water and pyridine, pH >7), propiolic acid 
(t-butanol and water, 1:1), and propargyl amine (t-butanol and water, 1:1). 
 Thin Shape Memory Films. Thin shape memory films were produced by first using a 
drawdown bar (#76) to make a thin film (less than 170 µm in thickness) of a pre-polymer 
solution (roughly a 20% solution with 2 wt% DEAP) on a sheet of PET. PRINTTM films (or 
none in the case of flat surfaces) were then applied to the thin film and another sheet of PET 
was placed on top before running the entire assembly through a laminator (temperature of 
80 °C at a pressure of 80 psi). The top PET sheet was removed (or not, in the case of the 
flat films), then the films were UV crosslinked (10 minutes). The PRINTTM or PET films were 
removed and checked for consistency. The secondary shapes were obtained in a similar 
manner: the PRINTTM film was applied to the crosslinked film and run through the laminator 
(temperature of 80 °C at a pressure between 90 and 110 psi). Air was blown over the film as 
it came out of the laminator to initially cool, and the film was placed (with the PET or 
PRINTTM film still in place) in the freezer (< -5 °C) for at least 5 minutes. The PRINTTM film 
was removed, and the secondary shape was checked for consistency. Return shapes are 
easily achieved by heating the crosslinked polymer above its melting temperature (care 
should be taken to not heat excessively because excess heat can distort the PET substrate) 
Time Dependent Functionalization. Time dependent functionalization were carried 
out using thin films (7x14 µm cylinders, 3 µm cubes, 3x1 µm hexnuts, and flat) and large 
films (thickness ~1 mm). For each time point (0.17, 0.5, 1, 2, 3, 6, 24, 36, 48, and 96 hours), 
4 samples of each shape were added to a small flask and nitrogen purged. Once purged, 10 
mL of ethanol (200 proof) was added, followed by copper sulfate pentahydrate (1 mg in 1 
mL distilled water) and sodium ascorbate (2.5 mg in 1 mL distilled water). After 10 minutes, 
progargyl bromide (25 µL, 0.22 mmol) was added to the reaction flask. The reactions were 
stopped at the designated time points by gentle washing with ethanol, water, and acetone. 




 The cytotoxicity of these materials was studied with HeLa and macrophage cell lines. 
The percent viability was found using a CellTiter-Glo® luminescent cell viability kit to 
determine the amount of bioluminescent ATP present in the cells after 3 days of incubation. 
Each measurement was performed in triplicate with three independently prepared batches 
of polymeric material that possessed non-featured, chemically modified, and non-modified 
surfaces.   
2.2.7 Degradation  
Degradation studies were performed for the non-embossed (flat) P77,23 copolymer 
and for the same polymer embossed with boomerang shapes. Films of known weight were 
placed in 1 mL of 0.01 M pH 7.4 phosphate buffered saline (PBS) solution at 37 °C. The 
films were removed from the buffer solution at prescribed intervals and dried under vacuum 
for 24 h before their masses were measured. Each measurement was performed on three 
separate samples. Mass loss (ML) was calculated according to the following equation, 










 Water uptake (WU) was measured for P77,23 copolymer films placed in 0.01 M pH 7.4 



















where msw, md, and mi represent the swollen mass, the dry mass, and the initial mass, 
respectively. Film samples of known weight were removed from PBS and blotted dry before 
weighing to determine their swollen masses, followed by drying under vacuum for 1 day to 




2.3 Results and Discussion 
2.3.1 Pre-Polymer Synthesis and Characterization 
Polyesters were chosen to take advantage of the control they afford over monomer 
ratios, molecular weights, and end groups. Scheme 2.1 outlines the synthetic strategy 
chosen for the preparation of the dynamic substrates. The base material was a 
semicrystalline polyester that allowed for control of monomer ratios, molecular weights, end 
groups, and melting transition temperatures (i.e., switching temperature). To ensure mild 
reaction conditions for surface modification, azides were incorporated into the main polymer 
chain with the intent of utilizing the copper assisted click chemistry.30-34 Click chemistry is 
favorable for biological applications due to the general biocompatibility of many alkynes and 
azides, the ease of monomer synthesis, and the extensive library of commercially available 
alkynes.  
The development of these azide-containing shape memory materials began by 
synthesizing the diazide monomer via substitution from the commercially available meso-
2,3-dibromodiethyladipate in nearly quantitative yield. This monomer was copolymerized 
with adipic acid and 1,8-octanediol using a lipase catalyst to yield shape memory polymers 
with various copolymer ratios. Polyadipates are known SMPs, and in this system, 
poly(octylene adipate) is the sole contributor of shape memory properties.10  
 












































All copolymers had molecular weights between 11 and 20 kg/mol and 
polydispersities between 1.30 and 1.89. The thermal properties could be adjusted simply by 
controlling the feed ratio of the diester and the diacid monomers. When the ratio was varied 
from 0 to 45% diazide monomer incorporation, melting transitions were obtained between 19 
to 67 °C, respectively (Table 2.1). 
Table 2.1: Properties of the alcohol endcapped azide-containing shape memory polymers 
Polymer (Pm, n)
a <Mn>
b PDIb Tg (° C)





 6.80 1.37 -63 - - 
P
45,55
 13.0 1.25 -56 19, 29 17 
P
38,62
 20.8 1.36 -55 40, 47 40 
P
23,77
 13.8 1.56 -53 49, 54 57 
P
19,81
 12.7 1.73 - 49, 55 59 
P
17,83
 9.7 1.89 - 50, 55 62 
P
15,85
 11.6 1.24 - 54, 58 81 
P
0,100
 23.1 1.59 - 67 97 
a) The monomer ratios (m =   diazide and n = adipic acid percent composition) were 
determined by 1H-NMR, b) measured by GPC with polystyrene standards, c) DSC, second 
heat 10°C/min, two melting points are typically observed for poly(alkyl adipate)-based 
polymers35 
Endcapping with 2-isocyanatoethyl methacrylate of the most crystalline copolymers 
yielded the desired shape memory prepolymers (Scheme 2.2).  
 







































2.3.2 Shape Memory Material Development and Characterization 
Endcapping was followed by photocuring using 2,2-diethoxyacetophenone at a 
consistent temperature (> 20 °C above melting) to yield azide-containing shape memory 
materials (Scheme 2.3).  
 
Scheme 2.3: Curing of azide-containing polyester materials. 
The thermal properties could be adjusted simply by controlling the feed ratio of the 
diester and the diacid monomers. When the ratio was varied from 0 to 38% diazide 
monomer incorporation, melting transitions were obtained between 27 to 64 °C, respectively 
(Table 2.2). 
Table 2.2: Properties of the azide-containing SMP thermosets 
Crosslinked Film (Pm, n)
a Tm (° C)
b ∆H (J/g)b Rf (%)
c Rr (%)
c 
P38, 62 27 30.3 89.9 53.4 
P19,81 38 34.4 98.5 96.1 
P17,83 40 46.2 98.9 98.0 
P15,85 46 44.8 97.6 95.9 
P0,100 64 78.7 96.7 94.1 
a) The monomer ratios (m =   diazide and n = adipic acid percent 
composition) were determined by 1H-NMR, b) DSC, second heat 10°C/min, 
c) Determined by DMA 
 

































 It is important to note the effect that curing temperature has on the final properties of 
a polymer film. Table 2.3 shows the result of curing temperatures on consistency, 
considering percent sol and thermal properties of a P23,77 copolymer. If the polymer was 
cured below its melting temperature, very little crosslinking occurred. This effect was 
observed at curing temperatures of 35 and 45 °C, which resulted in melting temperatures 
close to the pre-polymer but contained a higher sol fraction. When the curing temperature 
was increased above the melting temperature of the material, much more crosslinking 
occurred, which depressed the melting temperature and enthalpy but resulted in a lower 
mass loss and a much more consistent material (noting the smaller standard deviation of the 
percent mass loss). 
Table 2.3:  Curing at Varying Temperatures 
Curing Temperature (° C) Tm (° C)
a ∆H (J/g)a Mass Loss (%)
- 48.0, 53.9 68.2 100 
35 47.7 41.9 19±6 
40 48.3 55.2 18±6 
55 37.4 32.9 17±2 
65 37.7 35.6 14±1 
Thermal--80 °C 1 day 46.1, 50.7 56.0 100 
a) DSC, second heat 10°C/min 
2.3.4 Macroscopic Shape Memory 
The shape memory ability of these materials was first analyzed by their macroscopic 
shape memory performance (deformations > 1 mm), which was evaluated by determining 
their strain fixity ratio, Rf, and their strain recovery ratio, Rr. These values identify how well 
the film keeps its temporary shape, and how well it returns to its original shape. Very good 
shape memory properties, indicated by Rf and Rr values greater than 95%, were observed 
with copolymers that had diazide monomer incorporation between 0 and 30%, Table 2. The 
35 
 
results illustrated in Figure 2.1 show images of a material undergoing a transition from its 
curled primary shape to a straight secondary and back to the curled primary shape and by 
Graph 2.1, which shows a shape memory cycle.  
 
Figure 2.1: The macroscopic transition is a curly film (3 cm in length) has been placed into a 
straight secondary shape and is able to recover to the curly shape upon heating above its 
melting transition. 
 
Graph 2.1: A 3D SMP cycle performed using DMA. The material is first heated above its 
transition temperature before stress is applied (1). The stress is then held as the material is 
then cooled below its melting transition (2). The stress is then released (3), followed by 
heating above its melt transition to return to its original strain (4). 
2.3.5 Micro- and Nanoscopic Shape Memory 
 To obtain precisely defined surface features for shape memory on the micro- and 
nano-scales, PRINT® (Particle Replication in Non-wetting Templates) molds were utilized. 
PRINT® is normally used to make monodisperse particles of varying size and shape, but 
here, the molds were used to surface emboss a range of precisely defined, high fidelity 
shapes (such as cubes, hexnuts, and cylinders) on the micro- and nano-scale. In Figure 2.2, 
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the microscopic shape memory of these materials is demonstrated by their transition from 
small to large features, featured surfaces to non-featured surfaces, and large to small 
features. Nanoscopic shape memory was also achieved, as indicated by the ability to shift 
from 3x3x3 µm cubes to 200 nm posts.  
 
Figure 2.2: Micro- and nanoscopic shape memory transitions. (A) 10x1 µm boomerang 
shapes to 3x3x3 µm cubes and then back to boomerangs; (B) flat to 3x1 µm hexnuts and 
then return to the flat film; and (B) SEM of transition from 200 nm posts to 3x3x3 µm and 
then back to 200 nm posts. The residual cube shape is less than hundreds of nanometers in 
height, demonstrating a near complete transition.  
2.3.6 Surface Functionalization and Analysis 
 To first demonstrate the ability to chemically surface functionalize this azide-
containing shape memory material, an alkyne-modified Rhodamine B was used to modify 
the surface (Scheme 2.4) and determine surface attachment by XPS (Graph 2.2) and ATR-




Scheme 2.4: Surface modification of the azide-containing shape memory crosslinked films. 
The surface attachment was monitored by XPS at a penetration depth of 10 nm. 
Three flat samples were prepared: one with no functionalization (blank), one exposed to the 
same reaction conditions except the copper catalyst (physisorbed), and one chemically 
clicked sample (clicked). Azides have two peaks in the nitrogen 1s region of the spectrum, 
one at approximately 403 eV (specifically to azides) and another at 397 eV (common to all 
nitrogens).8 In Graph 2.2, the blank film (black) and physisorbed film (pink) spectra exhibit 
both nitrogen peaks. The right spectrum (clicked Rhodamine B film) exhibits the reduction or 
absence of the azide peak at 403 eV, indicating that a click reaction has occurred. 
 
Graph 2.2: The bottom panel shows the XPS results for the blank, physisorbed, and clicked 
samples. The y-axis (not shown) represents intensity (cps), and the legend also shows 
images of the analyzed films. 
The same method was then used to functionalize the surface with a variety of 
functional alkynes demonstrating tunability of the surface chemistry. To demonstrate the 
versatility of the system the following functional groups: hexyne, dodecyne, propargyl 
alcohol (OH), propargyl amine (NH2), and 282 g/mol and 750 g/mol mono-alkyne 








the polymer film surface using click chemistry. It is important to emphasize that these 
functionalities can be incorporated into a shape memory polymer without altering its thermal 
and mechanical properties, Table 3. These reactions were completed under mild conditions 
with patterned and non-patterned surfaces. The extent of reaction was confirmed by the 
decrease of the azide antisymmetric stretch at 2100 cm-1 in ATR-FTIR spectra (Figure 2.3). 
ATR-FTIR has a penetration depth of only a few micrometers into a surface, so these data 
confirm that the surfaces were chemically altered. 
 
Graph 2.3: ATR-FTIR spectra of the flat blank and functionalized films. 
 























2.3.7 Static and Dynamic Contact Angle 
 To demonstrate the ability of surface functionality and surface patterns to yield 
controllable surface properties, a series of experiments was designed to examine the static 
contact angle (Graph 2.5). The first observation was that the physical surface features had 
the greatest effect on the observed contact angle, and the cubic features exhibited the 
largest difference compared to the absence of features (~40°). The chemical functionality 
had a small but significant effect on the contact angle (~15°), which is not surprising 
because the azide monomer contributed only approximately 10% of the total composition of 
the material. While the results show that there was not a clear trend in the effect of the 
functionality on a given embossed surface, it is clear that the attachment of hydrophilic 
groups (OH, NH2, and PEG—750) on the hexnut and cubic embossed surfaces gave the 
expected reduction in the contact angle in comparison to the more hydrophobic 
functionalities (PEG—282, acrylate, dodecyne, hexyne). To explain the greater wetting 
variation of the cylindrical features compared to the cubic or hexnut features, studies in 
which feature size, shape, and density are systematically varied would need to be 
completed (which is beyond the scope of the presented research). 
 The static contact angle experiments generally agreed with our expectations of 
changes in wetting behavior as the surfaces varied; however, the behavior of the non-
patterned versus the patterned surfaces did not agree with the current standard wetting 
model. Specifically, the flat substrates showed contact angles below 90°, while the surface 
embossed films were all much higher than 90°, not conforming to the Cassie and Wenzel 
models of wetting behavior on rough surfaces. The Cassie and Wenzel models explain that 
a flat material that has a contact angle below 90° should have a contact angle much less 
than 90° when roughened (Wenzel wetting), and a flat material that has a contact angle 
greater than 90° should have a contact angle much greater than 90° when roughened 
(Cassie wetting).18-20 To further probe and better elucidate the wetting behavior of the flat 
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surfaces and the effects of chemical modification, dynamic contact angle was used because 
of the greater sensitivity and less-subjective nature of the experiments. 
 
Graph 2.5: Static contact angle for non-featured and featured surfaces with and without 
chemical functionality. The cubic features are 3x3x9 µm, hexnuts 3x1 µm, and cylinders 
7x14 µm. Flat implies that no surface embossing was performed. 
The effect of the surface modifications on the wetting behavior was studied by 
dynamic contact angle measurements with flat substrates. As shown in Graph 2.6, the 
advancing contact angles of the more hydrophobic alkynes were similar to that of the blank 
substrate (without chemical attachment), while the more hydrophilic substrates were slightly 
lower, but they were still above 90°. This result demonstrates that the bulk material is 
fundamentally hydrophobic. The effect of the functionality is most profound when looking at 
the receding contact angles. Once again, the hydrophobic substrates have similar contact 
angles to the blank substrate; however, the effect on the highly hydrophilic functionalities is 
much more pronounced, with hysteresis between 40 and 50°. Hysteresis can be caused by 
many different phenomena, such as surface roughness, heterogeneity, reorientation, and 
swelling. All samples were made under the same conditions and had the same surface 
roughness, and there was a correlation between hydrophilicity and increased hysteresis. It is 
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clear that the hysteresis in this case was caused by the rearrangement of the more 
hydrophilic surface groups.36-37 This result shows that we have indeed produced surfaces 
that are significantly different from each other with the same polymer and functionalization 
technique. 
 
Graph 2.6: Dynamic contact angle data for the blank and functionalized films. 
2.3.8 Dynamic Surface—Shape Memory after Primary Shape Functionalization 
To demonstrate the unique ability of our materials to switch their surface chemistry, 
films were functionalized at the primary shape and then taken through a shape memory 
transition (Figure 2.3). Using ATR-FTIR, it was clear that, at the initial shape, the films were 
surface functionalized (up to a few microns). When the films were in their temporary shape, 
however, some azides appeared to have emerged on the surface, as shown in Figure 2.5B. 
This emergence is not entirely surprising because modification is predominantly a surface 
technique, and the force required to emboss the material into a secondary shape likely 
exposes underlying functionality. The thickness of the film decreased as the total presented 
area increased, revealing new unreacted azides to the surface. The exceptional fidelity of 
the surface shape memory effect was further demonstrated when this material returned to its 
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original shape: the newly exposed azides disappeared back into the bulk and were no 
longer visible by ATR-FTIR.  
 
Figure 2.3: Functionalized films through shape memory cycles. (A) Top image shows the 
transition from 3x1 µm hexnuts (modified with propargyl alcohol) to 7x14 µm cylinders and 
then back to 3x1 µm hexnuts. Bottom image shows 200 nm posts (modified with propargyl 
amine) to 3 µm doughnut shapes and then back to 200 nm posts. (B) ATR-FTIR spectra of 
the secondary and return shapes of a surface functionalized with propargyl alcohol 
compared to an unmodified hexnut embossed film. 
This effect was also evident on examination of the static contact angle of the 
materials throughout the shape memory cycle (Graph 2.7). The contact angle of the 
temporary OH cylinders was approximately 19 degrees less (3 standard deviations different) 
than the contact angle of the primary OH cylinders; this value can be compared to that of the 




















that these materials are capable of modulated switching of both their physical and chemical 
surface properties. 
 
Graph 2.7: Static contact angle through a shape memory cycle of a propargyl alcohol 
functionalized shape memory material. 
2.3.9 Dynamic Surface—Shape Memory after Secondary Shape Functionalization  
The reappearance of the azides on the surface invited the possibility of performing 
click reactions in the temporary state. These reactions produced rather interesting results, 
as shown in Figure 2.4. A blank flat film was deformed to produce a temporary 3x1 µm 
hexnut surface that was then chemically modified with propargyl alcohol. The temporary 
hexnuts were not greatly damaged by the click reaction, and the ATR-FTIR results show that 
the reaction was nearly complete. When the material was then returned to the flat original 
shape (now chemically modified with alcohol groups), it was apparent from the ATR-FTIR 
that there was an increase of azides on the surface. This is an interesting result because it 
demonstrates both the proximity of the functionality to the surface (within the attenuation of 
the ATR-FTIR beam) and the possibility of hiding functionalities on the surface by taking 




Figure 2.4: Functionalization at the temporary shape. (A) Microscopic images and scheme 
showing how the functionalization at the temporary shape was accomplished. (B) ATR-FTIR 
spectra showing the cycle and functionalization. 
 
Figure 2.5: Cartoon indicating where the functionalization, in blue, is occurring and the 
extent of attenuation of the ATR-FTIR beam (shown with the black arrows). 
2.3.10 Functionalization vs. Time vs. Shape 
 The results shown above imply that the extent of functionalization may be time 
dependent. This property would invite greater control of not only where the functionalization 
occurs but when it is presented on the surface. To determine if this was possible, a series of 
experiments was conducted to determined the relationship between the extent of 
functionalization, time of reaction, and shape on the surface of both thick (>1 mm) and thin 
(~100 µm) films. Propargyl benzoate was chosen as the reactive functionality because the 
aromatic stretches are easily seen in both FTIR and Raman spectroscopy. 































First, thick (>1 mm) films embossed with 3x1 µm hexnut and 3 µm cubes and flat 
films were functionalized. After cleaning by soxhlet extraction, ATR-FTIR was used to 
analyze extent of functionalization (Graphs 2.8-10) for the different embossed shapes. As 
seen in Graphs 2.8-10, the rate of (or extent) functionalization is very dependent on the 
embossed surface. This is especially true within the first 13 hours of functionalization. For 
each substrate, looking at the reduction of the azide antisymmetric stretch at 2100 cm-1, it 
appeared that after 13 hours the surface could not be functionalized anymore (analyzing the 
azide peak alone); however, it is apparent that the functionalization continued to occur even 
after 96 hours—as the aromatic peak continues to increase in intensity. 
 
Graph 2.8: ATR-FTIR of the flat clicked substrates. The left graph shows the decrease of 



















Graph 2.9: ATR-FTIR of the hexnut clicked substrates. The left graph shows the decrease 
of the azide peak, and the right graph shows the increase of the aromatic stretch. 
 
Graph 2.10: ATR-FTIR of the Cube clicked substrates. The left graph shows the decrease 
of the azide peak, and the right graph shows the increase of the aromatic stretch. 
 This result is further quantified below in Table 3. Here, a base line point (2294 cm-1 
for the azide peak and 679 cm-1 for the aromatic peak) is compared to the maximum of 
either azide stretch or the aromatic stretch. Different films reached a remaining azide 
concentration below 20% at very different times; 6.5 hours for flat substrates, 24 hours for 
hexnut substrates, and 2 hours for cube substrates. These data suggests that how the film 

































Table 2.4: Functionalization vs. Time vs. Shape of Thick Films 
 
Flat Hexnut Cube 
Time N3 Aromatic N3 Aromatic N3 Aromatic 
Blank 100.0 0.0 100 0.0 100.0 0.0 
0.5 hours 53.8 75.8 72.6 102.6 55.6 131.0 
1 hour 51.2 76.0 44.5 184.1 - - 
2 hours 42.5 158.2 35.7 239.1 15.7 333.7 
3.75 hours 22.7 304.5 35.1 263.9 10.5 482.3 
6.5 hours 17.0 361.0 21.6 355.5 14.0 437.6 
13 hours 12.5 405.7 34.0 240.1 11.2 479.6 
24 hours 15.8 402.4 17.9 389.9 12.3 488.0 
36.5 hours - - 13.8 535.4 - - 
46 hours 12.5 445.3 9.4 544.0 13.4 478.2 
96 hours 13.9 469.3 6.5 614.2 11.3 493.7 
However, due to the inconsistent nature of the films (Figure 2.6 shows that the films 
were not perfectly flat and the features were not well defined), it is difficult to make a 
conclusive argument about how the different surface features (and thus wetting properties) 
affected the extent of functionalization. This was not a major issue with the functionalization 
experiments (in which only full functionalization was required), but to elucidate and be able 
to finely control the functionalization, there is a need to have more perfect films. This issue 
was resolved by using thin films (which are made by lamination of a polymer film and a 




Figure 2.6: Images of the thick films showing that the films (from left to right, flat, hexnuts, 
and cubes) are not very flat and the features are not perfectly defined. 
2.3.10.2 Thin Films 
 The same experiments to test functionalization vs. time vs. shape were also carried 
out using thin films (~100 µm thick). Because these films were made and kept on a PET 
substrate, the features were very well defined, and the surfaces were very flat (Figure 2.7). It 
is worth noting the “pinched” appearance of the flat films and the small distortions in films 
with smaller features (i.e., hexnuts). This was a very consistent behavior when making the 
thin films on PET (this did not happen when the films were formed on glass); thus, the 
phenomenon was most likely due to the interaction of the polymer with the PET or minor 
buckling of the PET resulting in the small distortions. Regardless, these films proved much 
more consistent (can be made the same way every time) and flatter compared to the thick 
substrates. 
 
Figure 2.7: Images of thin films on PET (from left to right) of flat, 7x14 µm cylinders, 3 µm 
cubes, and 3x1 µm hexnuts. Scale bar is 20 µm. 
The results of functionalization performed with flat, 7x14 µm cylinder, 3 µm cube, and 
3x1 µm hexnut features are shown in Graphs 2.11-12. These experiments showed that 
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functionalization of the thin films differed greatly from that of their thick film count parts. First 
the extent of functionalization reached its maximum in only 2 hours for all samples, looking 
at either the azide or aromatic peaks. This can be compared to the thick samples, which 
reacted much more slowly and reached near completion after 12 hours (Graph 2.13). 
Additionally, the extent of functionalization differed greatly depending on shape. The 
hexnuts reacted most quickly and also resulted in the lowest extent of functionalization. In 
contrast, the cylinders took longer to reach maximum functionalization, but this resulted in 
more azides being functionalized. This effect most likely has lot to do with how the surface 
wets over time, depending on shape and the additional available area as it wets. For 
example, the cylinders had much larger more available surface area to be functionalized 
(the outside of the cylinder) compared to the hexnuts, which were much shorter (by 13 
microns) and had fewer sites for functionalization to occur on the surface. These results are 
very exciting because of the possibility of performing shape memory lithography (which 
these types of shape memory materials) and being able to hide functionality by changing 
shape remotely. 
 
Graph 2.11: ATR-FTIR results showing the decrease in the azide intensity of different 

















































Graph 2.12: ATR-FTIR results showing the increase in the aromatic peak intensity of 
different shapes over time. The error bars show the standard deviation of at least 3 samples. 
 
Graph 2.13: ATR-FTIR results showing the increase in the aromatic peak intensity of 
different shapes over time of the thick films. 
 This trend is exemplified in Figure 2.8, where Rhodamine is reacted on the 
secondary shape for only 30 minutes. First a boomerang primary shape is either 
functionalized for 30 minutes with an alkyne functionalized Rhodamine B or is embossed 













































































































for 30 minutes. The functionalized doughnuts are then returned to the primary boomerang 
shapes. Because the reaction is for such a small amount time, only the tops of the 
doughnuts are functionalized and the doughnut shape can be seen on top of the 
boomerangs after returning to the primary shape.  When these results are compared to 
clicking of the primary shape, only the tops of the boomerangs show the Rhodamine 
functionality. These results are very exciting, as they visual evidence for the above 
hypothesis—we can control the placement of functionality by changing reaction times and 
surface geometry. 
 
Figure 2.8: Clicking an alkyne functionalized Rhodamine B for 30 minutes on a secondary 
shape.  The boomerangs are 10 µm in length and the doughnuts are 3 µm in diameter. 
2.3.10.3 Confocal Raman 
Confocal Raman spectroscopy has the ability to analyze materials in the x, y, and z 
planes, which gives a spectroscope map of the surface. Here, confocal Raman is used to 
determine the depth of functionalization of propargyl benzoate on a surface embossed with 
7x14 µm cylinders. Propargyl benzoate was chosen because of the relative ease of viewing 
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the substituted benzene stretches. The full spectra are shown in Graph 2.14, and the peaks 
of interest are shown in Graph 2.15. There are actually two unique peaks for the clicked 
sample, 1000 and 1020 cm-1, but because the peak at 1000 cm-1 is much more significant, it 
was chosen as the peak to monitor. It is also worth noting that a 50x objective was used with 
a 735 nm wavelength laser, so the spot size is minimally 1.2 µm in diameter. 
 
Graph 2.14: Full Raman spectrums of blank and 6 hour flat films. 
 
Graph 2.15: Region of interest for Raman depth experiments. 
Depth scans were performed on blank films and films functionalized for 3 and 6 
hours that were surface embossed with 14 µm tall cylinders to analyze the chemical 








































tops of the cylinders and down 20 µm in increments of 1 µm, and an equivalent scan was 
performed between the cylinders of each sample. The results of these experiments are 
shown in Graph 2.16. At the tops of the cylinders, there was significant signal for the 
aromatic peak from the 6 hour and 3 hour samples, but there was only a baseline signal for 
the blank samples. Between the cylinders, there was only a baseline signal for all samples. 
These results are rather exciting because they show that the functionalization only extends 
a few microns into the surface and that there is no functionality present between the 
features. Additionally, there is always polymer signal, even though the Raman was taken as 
an “air” measurement, meaning that there is always additional signal from polymer in the 
area. 
 
Graph 2.16: Results of depth scans of blank, 3 hour, and 6 hour functionalized samples. 
The figure above shows approximately where the laser focus was for the “on-cylinder” and 
“between-cylinder” measurements. 
2.3.11 Cytotoxicity 
 The cytotoxicity of these materials was studied with HeLa and macrophage cell lines. 
The percent viability was found using a CellTiter-Glo® luminescent cell viability kit to 






































Each measurement was performed in triplicate with three independently prepared batches 
of polymeric material that possessed non-featured, chemically modified, and non-modified 
surfaces. Little to no cytotoxicity was observed for all samples (Graph 2.8).   
 
Graph 2.17: Cytotoxicity of blank, functionalized, non-patterned, and patterned surfaces. 
2.3.12 Degradation 
 Non-functionalized shape memory films (flat and boomerang patterned substrates) 
were tested to determine their degradability in PBS buffer at 37 °C (Graph 2.15). These 
materials were not particularly degradable in these conditions, only achieving ~20% weight 
loss after 55 days. This result is not entirely surprising, considering that these materials are 
fairly hydrophobic, as Graph 2.16 shows there was very little water uptake over the course 
of 50 days. Comparing the flat and patterned shapes, this effect became even more 
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apparent, as the boomerang patterned surfaces underwent significantly less weight loss 
compared to the flat surfaces (since it is more hydrophobic than the flat substrates). 
 
Graph 2.18: Degradation study of shape memory materials (P77,23) with no features and 
embossed with 10 µm boomerangs shapes.  
 
Graph 2.19: Percent water uptake for P77:25 copolymer film (no features). 
2.3.13 Microscopic Shape Memory Cycling 
 It is well known that shape memory materials can go through many shape memory 
cycles without loss of properties (in fact, the shape memory properties of a material actually 
increase after several cycles). To illustrate that this is also true for microscopic shape 
memory and that this cycling process does not harm the material (concerning azide 
56 
 
concentration), the microscopic shape memory ability and azide content of microscopic 
shape memory features were analyzed over several cycles. Figure 2.9 shows 5 shape 
memory cycles. Here, 10 µm boomerangs were programmed as the primary shape, and 10 
µm lollipops were programmed as the secondary shape. When heated, the film returned to 
its original boomerang shape (cycle 1), and that returned film was then again imprinted with 
lollipop shapes and returned back to the boomerang pattern (cycle 2). This process was 
repeated for a total of 5 cycles without any loss of shape memory ability. It is important to 
note that the “pinching” of the films observed in Figure 2.9 is consistent with this thin film 
fabrication method (noted in section 2.3.10.2). 
 ATR-FTIR spectra of these cycles are shown in Graph 2.17 and 2.18. The FTIR data 
show that there is little to no difference between the primary, secondary, and return shapes, 
regardless of cycle. This result is further illustrated in Graph 2.18, in which the azide anti-
symmetric stretch (2100 cm-1) and CH2 symmetric stretch are normalized to the CH2 
symmetric stretch (2855 cm-1) and the ratio is graphed. All of the points are within a 
standard deviation (data taken in triplicate) of each other, showing no loss of azide. There is, 
however, an interesting trend, showing that there are slightly more azides available for 








Graph 2.20: ATR-FTIR spectra of five shape memory cycles, showing that there is no 
change in the azide concentration.  
 
Graph 2.21: Change in azide concentration depending on shape memory cycle. 
2.4 Conclusions 
We have developed the first example of a truly multi-functional shape memory 
material, which has a broad impact on shape memory polymers and their applications. The 
















altering the copolymer ratio. In addition to exhibiting excellent shape memory properties on 
the macro-, micro-, and nano-scales, the surface chemistry of the material can be altered by 
functionalization with copper click chemistry. That is, this material is uniquely capable of 
adjusting its surface chemistry by simply clicking on the desired functionality at either the 
initial or temporary shape, thus creating a material that is capable of both geometric and 
chemical surface switching. These results are particularly exciting as cell-dictating 
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MONODISPERSED SHAPE-SPECIFIC SHAPE MEMORY POLYMERIC PARTICLES 
 
 
3.1 Introduction  
Size, shape, and surface characteristic are of critical importance for determining the 
ultimate biodistribution, delivery, and bioactivity of particles.1-7 These properties are 
particularly attractive for nano-based medicine, therapeutics, and bio-imaging applications. 
Thus, much effort has been invested in the development of methods to produce particles of 
various sizes and shapes from a wide range of materials. Common techniques such as 
emulsion, precipitation, and soft lithography produced a large library of polymeric particles 
with different sizes, shapes, and compositions.8-12 Regardless of this flexibility, the 
deployment of such systems is dependent on the expectation that once the size, shape, and 
relative composition of a particle are chosen, those characteristics will be static until the 
particle degrades or swells. 
 Micro- and nano-sized polymeric particles that are capable of changing from a 
selected shape to another on demand have been elusive. There are several examples of 
shape shifting polymer systems, including those induced by liquid crystalline phase 
transition13-15, light16, DNA20, and surface tension and viscosity21 stimuli. In all of these 
examples the particles change shape when triggered; however, one of the shapes 
(temporary or final) is always spherical, there is little to no control over the final or original 
shape, and often they require different polymers to achieve different shapes. Herein, we 
report the first example of shape memory polymeric particles that can have any starting 
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shape, produce a large variety of temporary shapes, return to their original shape at 
biologically relevant and tunable temperatures, and have a surface chemistry that can be 
easily adjusted.  
 Shape memory polymers (SMPs) are a class of smart materials that are capable of 
changing from one shape to another with an applied force and stimulus and return to their 
original shape upon reapplication of the stimulus. Our group has described with SMPs 
capable of well-controlled actuation on the micro- and nanoscales.22,23 In the present work, 
we used our functionalizable SMP system to create shape memory particles that could 
switch in response to a chosen temperature and could potentially be post-functionalized. By 
adjusting the co-monomer ratio, we readily achieve switching temperatures between 26 and 
55 °C while retaining good shape memory properties. 
3.2 Experimental 
3.2.1 Materials and Characterization 
All materials were purchased from Sigma-Aldrich or Fisher Scientific unless 
otherwise noted. PRINT® molds were provided by the DeSimone group and used exclusively 
for surface embossment. Alkyne functionalized Rhodamine B was synthesized according to 
previous literature procedures.24-27 
3.2.2 Monomer and Polymer Characterization 
The monomers and prepolymers were characterized with 1H and 13C NMR using a 
Bruker 400 AVANCE, TA Instruments Q200 differential scanning calorimeter (DSC), Perkin 
Elmer Pyris 1 TGA (thermogravimetric analyzer) (TGA), and Waters gel permeation 
chromatography (GPC) system relative to polystyrene standards.  
3.2.3. Film Characterization 
All crosslinked films were characterized by DSC, Instron 5556 Universal Testing 
Machine (Instron), Perkin Elmer’s Pyris Diamond Dynamic Mechanical Analyzer, and bright 
field and fluorescence microscopy. Surface analysis of both the pre- and post-functionalized 
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films were accomplished attenuated total reflectance Fourier transform infrared 
spectroscopy (ATR-FTIR) using a Bruker ALPHA FT-IR spectrometer. All SEMs of the shape 
memory particles were taken on a Hitachi S-4700 Cold Cathode Field Emission Scanning 
Electron Microscope, and SEMs of the porous particles were taken on a  
Synthesis of Diethyl 2,5-diazidoadipate. In a nitrogen purged flask, diethyl meso-2,5-
dibromoadipate (12.67 g, 35.2 mmol) was added with sodium azide (9.15 g, 141 mmol). The 
solvent, 1:1 mixture of H2O and CH3CN was added. The reaction was allowed to stir at 25 
°C for 24 hours. The product was extracted with ethyl ether, dried with MgSO4, and solvent 
removed. The monomer was used without further purification, yield 9.33 g (93%). 1H NMR, 
CDCl3, δ (ppm) 4.27 (q, J = 8 Hz, 4H), 3.91 (t, J = 4 Hz, 2H), 2.00 – 1.94 (m, 2H), 1.82 – 
1.78 (m, 2H), and 1.32 (t, J = 8 Hz, 6H). 13C NMR, CDCl3, δ 169.65, 61.82, 61.38, 27.46, 
and 13.94. 
Copolymerization of 81:19 Diethyl 2,5-diazidoadipate and Adipic Acid. A dry flask 
was charged with diethyl 2,5-diazidoadipate (3.038 g, 10.7 mmol), adipic acid (6.655 g, 45.6 
mmol), 1,8-octanediol (8.472 g, 57.9 mmol), and Novozyme 435TM lipase catalyst (1.82 g). 
The flask was nitrogen purged before heating the reaction to 80 °C. After 5 hours, vacuum 
was very pulled to 40 torr, and remained at that pressure for 24 hours at which time it was 
pulled to 3 torr for an additional 6 hours. The polymerization was terminated by dissolving 
the polymer in CHCl3, filtering, and precipitating in cold methanol (-78 °C). Final yield was 
13.13 g (89%). 1H NMR, CDCl3, δ (ppm) 4.17 (t, J = 6 Hz, 4H), 3.99 (t, J = 4 Hz, 18H), 3.89 
(t, J = 4 Hz, 2H), 3.58 (t, J = 6 Hz, 1H), 2.27 (b, 18H), 1.93 – 1.91 (m, 2H), 1.79 – 1.76 (m, 
2H), 1.63-1.55 (b, 44H), and 1.28 (b, 52H).  
Copolymer End-capping with 2-isocyanatoethyl Methacrylate. In a dry round bottom 
flask, copolymer (5 g, 1.47 mmol) was added and the flask was nitrogen purged before 
addition of dry CH2Cl2 (28 mL). The 2-isocyanatoethyl methacrylate (0.87 mL, 6.16 mmol) 
was added followed by dropwise addition of tin octanoate (47 µL, 0.059 mmol). The reaction 
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was stirred for 24 hours at room temperature. The reaction was terminated by precipitation 
into cold methanol (-78 °C). Prepolymer was dried in vacuum for 24 hours, yielding 4.89 g of 
polymer (98 %). 1H NMR, CDCl3, δ (ppm) 6.12 (s), 5.59 (s), 4.93 (m), 4.20 (t, J = 6 Hz, 4H), 
4.05 (t, J = 8 Hz, 18H), 3.92 (t, J = 4 Hz, 2H), 3.50 (q, J = 5.3 Hz, 1H), 2.32 (t, 18H), 1.99 – 
1.94 (m, 2H), 1.85 – 1.78 (m, 2H), 1.67-1.58 (b, 44H), and 1.32 (b, 52H). 
Crosslinked Film Preparation. A prepolymer solution, 2 g prepolymer and 1 mL 
CHCl3 is mixed until there are no bubbles. DEAP is then added (~5 drops) and mixed in 
thoroughly. The trimethylolpropane tris(3-mercaptopropionate) (0.08 mL, 0.24 mmol) is then 
added and after mixing the solution is poured into the desired mold and then place in a UV 
chamber (nitrogen flushed) and irradiated for 10 min. The crosslinked film is then place in a 
vacuum oven, at 70 ° C for > 18 hours, to remove any remaining solvent. 
Mold Fabrication. Sylgard 186 base and curing agent were mixed and degassed 
under vacuum before application to a patterned silicon wafer. The PDMS was placed in the 
oven above 80 °C until it was cured and then carefully removed from the silicon wafer.  
Particle Fabrication. Pre-polymer, 1 g, was mixed with 0.1 mL of DMF, 2 drops of 
DEAP, and 0.04 mL of trimethylolpropane tris(3-mercaptopropionate) and then solvent was 
gently removed with heat. The molten polymer was placed and cured into the mold using 
methods previously described.12 
Shape Memory Polymer Particles. After the particles are cured into the PDMS mold, 
the filled mold was secured onto a stretcher. The film and stretcher were heated to 80 °C for 
at least 15 minutes in an oven, and while still in the oven the film was stretched to the 
desired amount. After being heated for an addition 15 minutes, the stretcher (with the film 
still in position) is placed into a freezer (about -5 °C) for 15 minutes. The stretcher was then 
removed from the freezer and the PVOH glue was applied to the top of the film surface. 
Once dry, usually 2 to 4 hours depending on how thick the layer, the PVOH film was gently 
removed and placed into cold water to dissolve. The stretched particles were then cleaned 
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by repetitively washing and centrifuging until the PVOH was removed from the particles. The 
particles were stored either cold or room temperature until use. The particles easily 
recovered their original shape by heating above the melting point of the film. 
Surface Functionalization. Copolymer films, patterned and unpatterned, were placed 
in a small round flask. Under a nitrogen atmosphere, ethanol (40 mL), copper sulfate 
pentahydrate (6 mg, 24 µmol) in 0.5 mL of distill water, and then sodium ascorbate (15 mg, 
75 µmol) in 0.5 mL distilled water were added. After 10 minutes, the alkyne functionalized 
Rhodamine B (33 mg, 64 µmol) in 1 mL of ethanol was added slowly to the reaction solution. 
The reaction was allowed to proceed at room temperature for 2 hours or 2 days. The 
membranes were rinsed with acetone or hexanes, ethanol, and distilled water. Particles 
were removed and washed the same as above. 
 Porous Films. Prepolymer (0.60 g) was first brought to > 70 °C to remove all 
bubbles. At which time ~2 wt% DEAP was added to polymer melt and mixed thoroughly. 
NaCl (3 g) is then mixed in, and reheated when necessary to get even distribution, and kept 
warm as it was placed into the desired mold/shape.  The hot mixture was then placed in the 
UV chamber (nitrogen flushed), irradiated for 10 min, rotated and irradiated again for 10 
additional minutes. The NaCl is then removed by salt leechingby placing the salty film in 75 
°C distilled water with stirring for 2-3 days. Distill water is changed daily. Films are dried 
before and thermal or mechanical analysis. 
Porous Particles. Porous particles were synthesized similar to the shape memory 
particle fabrication but with an added porogen. Pre-polymer (1 g) was mixed with 0.1 mL of 
DMF (0.1 mL), DEAP (2 drops), and poly(ethylene glycol)23 (0.3 g) and then solvent was 
gently removed with heat. The molten polymer was placed and cured into the mold using 
methods previously described.12 Particles were washed with both methanol and water for 24 




 The cytotoxicity of these materials was studied with HeLa and macrophage cell lines. 
The percent viability was found using a CellTiter-Glo® luminescent cell viability kit to 
determine the amount of bioluminescent ATP present in the cells after 3 days of incubation. 
Each measurement was done in triplicate. 
3.3 Results and Discussion 
3.3.1 Thiol-ene Crosslinking 
 The chosen method to make shape memory polymer particles is based on the 
particle stretching method done by Wang et al.12 There they placed the polymer in a PDMS 
mold to stretch the particle to the desired shape and then removed the particles while still 
stretched; however, in this paper they used a poly(ethylene glycol) diacrylate that has a 
modulus of roughly 50 kPa and the Sylgard 185 (PDMS) used had a modulus of 0.43 MPa 
and could only be elongated 70%. In order to make shape memory particles, the shape 
memory material needed to have a modulus close to PDMS mold (while hot) and to get 
good shape transitions the PDMS need to able to stretch at much higher strain (ideally 
>200%). 
The chosen polymer is an azide-containing polyester (poly(octylene adipate-co-
meso-2,5-diazoadipate)) endcapped with a methacrylate end group that is easily photo-
crosslinked with trimethylpropane tris(3-mercaptopropionate), as shown in Scheme 3.1 and 
results shown in Table 3.1. By utilizing thiol-ene crosslinking we were able to significantly 
lower the crosslink density, which resulted in lowing of the hot modulus (to 0.7 MPa), 




Scheme 3.1: Thiol-ene crosslinking of the shape memory particle material. 
Table 3.1: Effect of Thiol-Ene Crosslinking 
Additionally, a different PDMS was used, Sylgard 186, which has a modulus 0.66 
MPa of and max strain >250%. While the modulus of SMP is slightly higher, so not as ideal 
compared the order of magnitude difference with PEG, they are still very similar. More 
importantly, when stretched the PDMS has greater stress than the SMP material, thus 
making Sylgard 186 a good mold material for making shape memory particles, Graph 3.1. 
Pm,n Tm (°C) ∆H (J/g) E hot (MPa) E cold (MPa) Max Strain Rf Rr 
P19,81 31 28.7 1.67 8.0 64% 99% 96% 
tP19,81 42 44.6 0.67 14.0 150% 99% 98% 
The monomer ratios (m =  diazide and n = adipic acid percent composition) were 
determined by 1H-NMR, with melting and enthalpy determined by DSC. The Young’s 
modulus was taken at least 20 °C above the melting transition (hot E) and below the melting 






































Graph 3.1: Comparing the stress vs. strain curves for the P19,81 to the PDMS mold 
material (Sylgard 186).  
3.3.2 Cytotoxicity 
 Because these materials now contain a significant amount of a new additive it was 
necessary to re-evaluate the cytotoxicity of these materials. Unlike previous cytotoxicity tests 
these films were only subjected to simple washing (as opposed to soxhlet extraction for 1 or 
2 days). The cytotoxicity of these materials was studied with HeLa and macrophage cell 
lines. The percent viability was found using a CellTiter-Glo® luminescent cell viability kit to 
determine the amount of bioluminescent ATP present in the cells after 3 days of incubation. 
Each measurement was done in triplicate. Little to no cytotoxicity was observed for all 
samples (Graph 3.2).  
 
Graph 3.2: Cytotoxicity results showing little to no cytotoxicity with the thiol-ene crosslinked 





















3.3.3 Shape Memory Particle Synthesis 
 To create shape memory particles, we placed the SMP polymer mixture, including 
the azide-containing polyester, trifunctional thiol compound, and photo-initiator 
(diethoxyacetophenone), into a polydimethylsiloxane (PDMS) mold that is capable of very 
high strains (>350% elongation) to produce particles with an initial shape and size of our 
choosing (Figure 3.1).  
Figure 3.1: Synthesis of the functionalizable shape memory polymer particles. 
Once the particle precursor was photo-crosslinked in the mold, the mold was placed 
in a stretching device and heated above the melting point of the crosslinked bulk polymer. 
While heated, the filled mold was stretched to the desired length and subsequently cooled 
under the applied strain. Once cooled below the crystallization temperature of the SMP, a 
poly(vinyl alcohol)-based harvesting layer (PVOH) was applied to the top of the film. When 
dry, the harvesting layer was carefully removed as a single continuous sheet. The removed 
sheet, now containing the stretched robust particles, was dissolved in cool water, and the 




































Figure 3.2: Harvesting of the shape memory particles. (A) Particles in the PDMS mold are 
first stretched while hot and then cooled below the crystallization temperature of the 
material. (B) PVOH based glue is then applied to the surface, allowed to dry, and then is 
gently removed from the surface as a continuous sheet. The microscope image shows the 
particles in the mold with a PVOH layer applied. (C) The continue PVOH sheet containing 
the shape memory particles. (D) A fluorescence image of the particles showing how effect 
the PVOH glue is at removing the particles from the mold (the arrow shows where the PVOH 
stopped. 
The particles were then returned to their original shape upon heating above the 
melting point of the polymer; this temperature dependent transition is demonstrated in 
Figure 3.3. The 70% elongated cubic particles did not change shape significantly below their 
melting transition of 41.5 °C, even after remaining at the designated temperature for 24 
hours. Figure 3.4 shows images of boomerang particles going from a pinched shape (inner 
angle of ~60 °) back to its original shape (inner angle of ~120 °) over the course of seconds.  
 
Figure 3.3: Shape memory particles, 70% elongated cubes, exposed to water at different 
temperature for 24 hours. Images show that the particle will not return to their original shape 




Figure 3.4: Time lapse of the shape memory transition of a boomerang shape going from 
pinched to original shape. 
3.3.4 Various Shape Memory Particles 
Unlike particles previously described in the literature, these materials were produced 
in a wide variety of shapes by applying the same method with an array of different molds 
(Figure 3.5). As expected, the shapes with high aspect ratios (transitions A and B) 
compressed or elongated under high strains (>250%) and shapes with aspect ratios close to 
1 elongated uniformly under medium strains (70 and 100%). When the low aspect ratio 
particles were stretched above 150%, however, they did not behave as predicatively. Figure 
3.5 shows cylinders and cubes that were stretched at 250% (D and F) resulting in irregular 
shapes: the cubes stretched along the diagonal assumed a dart shape, and the cylinders 
assumed a teardrop shape. This result was not entirely surprising as the crosslinked bulk 
material normally breaks beyond 150% applied strain. These odd shapes represent 
crosslinked particles that have partially snapped back to their original shapes to relieve 




Figure 3.5: Shape memory particle cycles. From top to bottom transitions of boomerangs 
(A, 10x1 µm), H shape (B, 60x200x20 µm), cylinders (C was elongated 100% and D at 
250%, 7x7 µm), and cubes (E was elongated 70% and F diagonally at 250%, 10x10x10 
µm). 
3.3.5 Functionalization of Shape Memory Particles 
Additionally, because the shape memory material utilized was an azide-containing 
crosslinked polyester film, it allowed for the facile modification of the particle surface. Using 
copper-assisted click chemistry, we were easily able to modify the surface using an alkyne 
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functionalized Rhodamine B, Scheme 2 and Figure 3.6.  Functionalization was done in the 
mold such only one side would be functionalized, not only allowing for easy visualization of 
the attached functionality but also demonstrating an added feature of this technique. Figure 
3.6 demonstrates that there is a significant difference between the chemically attached 
particle containing molds and physisorbed dye or catalyst particle containing molds. This 
shows that there is significantly more dye on the clicked films, and the color is not due to 
physisorbed dye or left over catalyst. 
 
Scheme 3.2: Functionalization of shape memory particles. 
 
Figure 3.6: Shape memory particle filled PDMS molds that are (from right to left) chemically 
clicked, physisorbed with dye (same concentration as clicked sample), physisorbed with 
catalyst (copper sulfate and sodium ascorbate, same concentration as clicked sample), and 
physisorbed dye in empty mold (same concentration as clicked sample). 
A comparison between the chemically and physically attached dye is displayed in 
Figure 3.7. There is a clear gradient when the dye is chemically attached, compared to the 
physisorbed case (same exposure time and concentration as the chemically attached 
sample but without the copper catalyst), in which the particles are randomly covered with 
dye. The physisorbed particles become randomly recoated on all sides with dye when they 
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are removed from the mold and washed together. This effect is minimal with the chemically 
attached dye because most dye in contact with the surface of the particle appears to be 
chemically attached.  
 
Figure 3.7: Fluorescent microscope images show the clicked particles (left) and the 
physisorbed particles (right) and the fluorescent image overlaid with the bright field image in 
the upper corner of each.  
This point is further proven when examining the ATR-FTIR of the particle surfaces 
while they are still in the mold (Graph 3.3). Here, the aromatic ring stretch from the dye, at 
1590 cm-1, is easily seen with the clicked samples but not with the physisorbed or any other 
sample. The increase in the intensity from the 2 hour to the 24 hour clicked sample also 





Graph 3.3: ATR-FTIR data illustrating that only the clicked materials contain a significant 
amount of dye on the surface.  
3.3.6 Porous Particles 
 Due to the inherent inflexibility of this material, transitioning from radically different 
shapes (such as cylinders to disks) may be difficult utilizing the above method. A way to 
circumvent this issue is to make porous particles. This material has already demonstrated 
that significant shape differences can be achieved by making polymer foams (Figure 3.8). 
Here shape memory foams were deformed from a cylinder to a disk (a transformation 
normally not possible with a bulk film) and then is return back to its original shape. 
 
Figure 3.8: Shape memory polymer foams going from a cylinder (left), to a flatted disk 
(middle), and then is returned back to its original cylinder shape. 
 Porous particles could not be achieve using the same salt leaching technique, due to 











consistency of a sticky clay). For particles, this was circumvented by using a low molecular 
weight PEG as the porogen. Large particles (20x25 µm cylinders) were synthesized using 
PEG (1000 g/mol) as the porogen in a P19,81 pre-polymer mixture without using the thiol-ene 
crosslinking method and using the standard PRINTTM mold, results are shown in Figure 3.9. 
Monodisperse porous particles were easily achieved after removing the PEG with methanol 
and water. These preliminary results show that porous particles with micro-size holes can be 
easily made, but more work to determine if these domains are only on the surface or if they 
actually foam particles (domains run throughout the particle). 
 
Figure 3.9: Porous particles made from shape memory polymers. The scale bars (from left 
to right) are 100 µm, 10 µm, and 4 µm). 
3.4 Conclusion 
We have developed the first versatile method to produce shape memory polymer 
particles. Unlike all previous attempts, this method uniformly deforms particles of different 
shapes and sizes using the same polymer and method, requires no solvents except water, 
has a short processing time of only several hours, and allows for the functionalization of the 
particle surface. The applications for these materials and methods include enhanced 
physical targeting of drug loaded polymer particles, such as localized heating to increase 
accumulation at the desired site. These particles could also be used as temperature 
sensors, were the optical properties of a solution could change depending on the shape of 
the particles at a given temperature. The utility of this method is enhanced by the presented 
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functionalizable shape memory polymer. Such functionalization would further aid in 
applications like drug delivery. Molecules such as poly(ethylene glycol) or targeting ligands 
and proteins (e.g. folic acid or RGD) could be used to further enhance the particle’s 
targeting properties. The ability to functionalize the polymer surface would allow for 
interesting core shell particles that could change the local density of the attached 
functionality through the shape memory transition.  This novel micro- and nanoscale 
actuation of both the particle surface and shape has significant potential value in various 
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Computed tomography (CT) has become an essential tool for the everyday diagnosis 
of numerous diseases and conditions. CT utilizes X-rays to visualize cross-sections of a 
patient, producing either a 2D or 3D image that shows variation in the density of the 
surrounding tissue. The created image is an important diagnostic tool for discovering 
anomalies such as soft tissue tumors1 and atherosclerotic plaques.2 While there are some 
concerns about the increased exposure to X-rays incurred with repeated use, it is generally 
agreed that the benefits of precise identification of problems far outweigh the risks. 
 The quality of the developed image is dependent on the electron density of the 
surrounding material. While the difference in density of muscle tissue versus bone is 
significant, the same cannot be said of softer tissues (such as veins and arteries).3 To 
improve the visibility of soft tissue, contrast agents, which contain atoms with high electron 
densities such as bismuth, barium, and iodine, are often utilized. The most commonly used 
contrast agents are iodinated liquids that are administered intravenously shortly before an 
examination, such as Lipidol® (iodinated poppy seed oil derivative) or Ultravist® (another 
iodinated liquid). These contrast agents are highly effective in increasing the contrast of 
softer tissues around the patient’s body with few side effects. However, there are multiple 
disadvantages to currently used contrast agents. Liquid commercial contrast agents have a 
lack of specificity and exhibit rapid extravasation from blood and lymphatic vessels (with a 
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typical distribution half-life of approximately 3 to 10 minutes).3,4 Furthermore, iodinated 
liquids are mostly removed by the kidneys, which can be problematic for people with kidney 
disease or related issues.4  
 Current research on new contrast agents that attempt to circumvent these problems 
includes the development of new iodinated liquids or mixtures2, hydrogel nanoparticles, 
liposomes3, coordination polymers5, copolymers and polymers based on methacrylates6, 
anhydride esters7, cellulose8, and nanoparticles4. While all of these developed materials are 
capable of good to excellent contrast and good targeting in some cases, toxicity remains 
problematic.3 While there is variance in the structure and delivery method of contrast agents, 
almost all iodine based contrast agents described in the literature utilize aromatic ring bound 
iodine. This structure is presumably employed to increase the stability of the bound iodine, 
but aromatic bound iodine precursors are expensive and poorly biodegradable. To our 
knowledge, there is only one example of a radiopaque non-aromatically bound iodine 
contrast agent. This substance was designed mainly for flame retardant purposes and 
contained a significant amount of the brominated precursor.9 Nanoparticles have been 
shown to increase circulation times in comparison to the iodinated liquids in use, and they 
are removed typically by the liver rather than the kidneys.6 Ideally, a contrast agent should 
be highly iodinated, biodegradable, biocompatible, long circulating, and processable. Herein, 
we describe the first example of a material that meets all of these criteria with the added 
benefit of being cost effective and additionally can be unique radiopaque macroscale sized 
biomaterials. 
4.2 Experimental 
 Materials. All materials were purchased from Sigma-Aldrich, Fisher Scientific, or 
VWR International, unless otherwise noted. 
 Characterization. The monomers and prepolymers were characterized with 1H and 
13C NMR using a Bruker 400 AVANCE, TA instrument’s Q200 differential scanning 
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calorimeter (DSC), Perkin Elmer’s Pyris 1 thermogravimetric analyzer (TGA), and Waters 
gel permeation chromatography (GPC) system relative to polystyrene standards. All films 
were characterized by DSC, TGA, Instron, and elemental analysis. The cytotoxicity of these 
materials was studied with HeLa and macrophage cell lines. Percent viability was found 
using CellTiter-Glo® luminescent cell viability kit, which was used to determine the amount of 
bioluminescent ATP present in the cells after 3 days of incubation. Each measurement was 
performed in triplicate.  
 Particles were analyzed using a dynamic light scatter (DLS) instrument using a nano 
ZS zetasizer (Malvern Instruments), Hitachi S-4700 Cold Cathode Field Emission Scanning 
Electron Microscope (SEM), and the scanning function on a FEI Helios 600 Nanolab Dual 
Beam System (nanoprecipitation/liposomal method particles only). 
 Synthesis of 2,2-bis(iodomethyl)-1,3-propanediol. In a nitrogen purged flask with a 
condenser, 2,2-bis(bromomethyl)-1,3-propanediol (50 g, 0.19 mmol) was added with sodium 
iodide (286 g, 1.9 mmol), followed by the addition of 1 L of acetone. The reaction was 
refluxed for 3 days. Once the reaction had gone to completion, the solvent was removed, 
and the product was extracted with ethyl acetate and distilled water. The product was 
recrystallized with a dichloromethane/acetone (3:1) mixture to produce large colorless 
crystals, yield 56.49 g (83%). 1H NMR, acetone-d6, δ (ppm) 4.08 (s, 2H), 3.59 (d, J = 4 Hz, 
4H) and 3.34 (s, 4H). 13C NMR, acetone-d6, δ (ppm) 63.10 and 13.04.  
 Typical polymerization with 2,2-bis(iodomethyl)-1,3-propanediol. A dry flask was 
charged with 2,2-(bisiodomethyl)-1,3-propanediol (7.000 g, 19.7 mmol), sebacic acid 
(3.8245 g, 18.9 mmol), and scandium triflate (0.145 g, 0.30 mmol). The flask was nitrogen 
purged before heating the reaction to 110 °C. After 2 hours, vacuum was very slowly pulled 
to 30 torr, and that pressure was maintained for 24 hours, at which time it was pulled to 0.3 
torr for an additional 24 hours. The polymerization was terminated by dissolving the polymer 




NMR, CDCl3, δ (ppm) 4.09 (s, 4H), 3.47 (s, 0.08H), 3.28 (s, 4H), 2.32 (t, J = 7.4 Hz, 4H), 
1.61 (t, J = 6.1, 4H), and 1.3 (s, 8H). 
 Copolymer End-Capping with 2-isocyanatoethyl Methacrylate. In a dry round bottom 
flask, iodinated polymer (4 g, 0.96 mmol) was added, and the flask was nitrogen purged 
before the addition of dry CH2Cl2 (32 mL). The 2-isocyanatoethyl methacrylate (0.57 mL, 3.8 
mmol) was added, followed by the dropwise addition of tin octanoate (20 µL, 0.048 mmol). 
The reaction was stirred for 24 hours at room temperature. The reaction was terminated by 
precipitation into cold methanol (-78 °C). Prepolymer was dried in a vacuum for 24 hours. 1H 
NMR, CDCl3, δ (ppm) 6.18 (s), 5.64 (s), 4.29 (t, J = 6 Hz), 4.24 (m), 4.09 (s, 4H), 3.56 (t, J = 
8 Hz), 3.51 (m), 3.28 (s, 4H), 2.32 (t, J = 7.4 Hz, 4H), 1.95 (s), 1.61 (t, J = 6.1, 4H), and 1.3 
(s, 8H). 
 Curing of the Iodinated Pre-Polymer. A prepolymer solution containing approximately 
2 wt% diethoxyacetophenone was cast into a mold or onto a glass slide. The mold was then 
placed in a UV chamber for 10 minutes. If the pre-polymer solution contained chloroform 
(necessary for glass or semi-crystalline polymers), the film was placed in a vacuum oven at 
70 °C for 24 h under high vacuum. 
 Nanoprecipitation. An iodinated polymer solution, containing iodinated pre-polymer 
(14.2 mg), DEAP (1 drop), and DMF (1 mL), was slowly added to vial containing filtered 
distilled water (4.3 mL). The solution was stirred for 2 hours and then the particles were 
checked by SEM. 
 Nanoprecipitation/Liposomal Method. In a scintillation vial, 4 mL of sterile filtered 
water was added followed by 1 mg/mL lecithin solution (23 µL in 4% ethanol solution) and 2 
mg/mL PEG-monostearate solution (0.4 mL in 4% ethanol solution) and stirred by hand. The 
2.5 mg/mL iodinated pre-polymer solution (0.8 mL in DMF with 1 drop of DEAP) was then 
added slowly while stirring. The last portion of sterile filtered water (3.6 mL) was added 
slowly while stirring. The solution was then sonicated for 20 minutes in a bath sonicator, 
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followed by UV irradiation for 10 to 20 minutes. Particles were then checked by DLS and 
SEM/FIB. 
Degradation. Degradation studies were performed for the sebacic acid, and sebacic 
acid co-cured with 20 wt% PEG films. Films of known weight were placed in 1 mL of 0.01 M 
pH 7.4 phosphate buffered saline (PBS) solution at 37 °C. The films were removed from the 
buffer solution at prescribed intervals and dried under vacuum for 24 h before their masses 
were measured. Each measurement was performed on three separate samples. Mass loss 
(ML) was calculated according to the following equation, where mi is the initial mass and mf 










 Water uptake (WU) was measured for adipic acid, sebacic acid, and sebacic acid co-
cured with 20 wt% PEG films placed in 0.01 M pH 7.4 PBS solution at 37 °C for prescribed 



















where msw, md, and mi represent the swollen mass, the dry mass, and the initial mass, 
respectively. Film samples of known weight were removed from PBS and blotted dry before 
weighing to determine their swollen masses, followed by drying under vacuum for 1 day to 
obtain their dry masses. 
4.3 Results and Discussion 
4.3.1 Monomer and Polymer Synthesis 
We have developed a series of novel iodinated polyester-based CT contrast agents 
that are wholly aliphatic, highly iodinated, biodegradable, and highly processable. The key to 
the synthesis of these novel materials is the aliphatic iodine component 2,2-bis(iodomethyl)-
1,3-propanediol (Scheme 4.1 and Table 4.1). This particular monomer is unique because it 
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is extraordinarily resistant to thermal and photodegradation, which allows for storage at 
ambient temperatures and no special UV protection. Most aliphatic iodines degrade easily at 
room temperature, when exposed to light, or in the presence of nucleophiles, yielding far 
more stable elimination or substitution products. This compound is resistant to elimination 
products (loss of iodine to produce an alkene) because the resulting molecule would have a 
carbon with five bonds, and it is resistant to substitution as a result of steric hindrance. 
These properties allow the manufacture of polymers at various temperatures (80 to 140 °C) 
without degradation of the starting materials, and the polymer can be easily made on large 
scales. 
 
Scheme 4.1: Synthesis of 2,2-bis(iodomethyl)-1,3-propanediol 
Table 4.1: Properties of 2,2-bis(iodomethyl)-1,3-propanediol 
 










Monomer 355.94 130.7 93.0 284 293 71.36 71.16 
a) DSC, first heat 10°C/min, b) Decomposition measured by TGA 20°C/min, c) Found by 
elemental analysis 
 
For convenience, the iodinated polymers will be referred to by the diacid co-
monomer. After synthesizing the monomer with high yield and purity (>99% by elemental 
analysis), the iodinated diol was polymerized with succinic, adipic, and sebacic acid 
(Scheme 4.2). This procedure produced polyesters with molecular weights between 2800 
and 3350 g/mol and PDIs of 1.92 to 2.12 (these molecular weights are not atypical for 
functional polyesters made by polycondensation reactions). These highly iodinated materials 
also had good thermal properties, and they did not experience significant degradation until 
~300 C (which is typical for an aliphatic polyester). Interestingly, the monomer has a 










polymers. This result indicates that when the monomer is incorporated into the polymer 
chain, it is not destabilized. 
 
Scheme 4.2: Synthesis of iodinated polymers with succinic, adipic, and sebacic acid. 




-1)a PDIb Tg (°C)
c 5% (°C)d 10% (°C)d 
Expected 
%I 
Succinic 3348 1.92 13.21 284 293 58 
Adipic 3048 1.85 -7.60 300 304 54 
Sebacic 2847 2.12 -24.15 282 297 48 
a) Measured by NMR, b) measured by GPC with polystyrene standards, c) DSC, second 
heat 10°C/min, d) Decomposition measured by TGA 20°C/min 
The polymers were easily endcapped with a methacrylate end-group, which allowed 
for facile crosslinking with UV. The film properties, both mechanical and thermal, varied 
depending on the diacid used. The sebacic and adipic acid polymers were amorphous at 
room temperature, and they had high strains (>100%) and low moduli (between 30 and 0.5 
MPa). The succinic acid polymers had a much higher Tg of 31 °C, and because they were 
glassy, they had a much higher modulus (55 MPa) and a low strain. All of the polymers 
retained almost all of their iodine after crosslinking, as seen in Table 4.3. However, it is 
important to note that the percent difference compared to the expected value varied 
depending on the molecular weight and the PDI. Additionally, because these polymers are 
polyesters (and thus have PDIs close to 2) and are not monodisperse, it is difficult to 
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greater than 40 wt%I and there is not a significant color change (i.e., changing from slightly 
yellow to purple or black) means that very little iodine is lost during this process. Additionally, 
due to the ease of processing these materials, it was trivial to add copolymers (e.g., 
diacrylate PEG) into the system. This addition allows for easy alteration of the material 
properties, such as hydrophilicity, mechanical properties, and percent iodine content, to 
meet the needs of the desired application. For example, the addition of 20 wt% PEG into a 
sebacic acid polymer network decreases the glass transition temperature and modulus, 
while also increasing the hydrophilicity of the material. 
 
Scheme 4.3: End-capping and curing of the iodinated polymers. 
 











Succinic 31.0 284 299 55.4 21 51.22 (2.2) 
Adipic 6.06 280 298 28.3 108 41.66 (11.5) 
Sebacic -17.5 310 317 1.8 180 43.69 (1.4) 
Sebacic with 
20 wt% PEGg 
-18.9 306 312 0.7 110 - 
a) Measured by Instron, Young's Modulus and Strain at break at 25 °C, b) 
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Determined by elemental analysis, % diff determined with molecular weight found by 
GPC 
4.3.2 Cytotoxicity and Preliminary In Vivo Toxicity 
 Because the desired application of these materials is medical, it was important to 
establish that this new monomer (and all other components) is not toxic. This property was 
evaluated by relative cytotoxicity with HeLa and Macrophages cell lines and a max tolerated 
dose (MTD) study. The toxicities of the polymer films were then evaluated using HeLa and 
Macrophage cell lines. 
The results of the cytotoxicity study are shown in Graph 4.1. The results were 
promising, as there was no cytotoxicity until greater than 1 mM was present (data not 
shown), and the monomers with DMSO were less toxic than DMSO itself. Unfortunately, this 
experiment required the monomers to be dissolved in DMSO because of their inherent 
insolubility in water. This method poses some issues because DMSO is a known to be very 
good at infiltrating cell membranes, which means that these data may represent a worst 
case scenario in which there is a maximum amount of monomer within the cell. 
 
Graph 4.1: Cytotoxicity data for the monomers using HeLa cells. 
 MTD studies were also carried out for the newly synthesized 2,2-bis(iodomethyl)-1,3-
propanediol. Here, Balb/C mice were given various amounts of iodinated monomer (in corn 
91 
 
oil) via oral gavage (again, because this monomer cannot be solubilized in any amount of 
water). The MTD was found to between 1.5 g/kg b.w. and 2 g/kg b.w. because no mice died 
or needed to be sacrificed after 14 days at the 1.5 g/kg b.w. dose, and only 1 out of 4 mice 
died over 14 days with the 2 g/kg b.w. dose. All mice died within 2 days at doses of 6 and 10 
g/kg b.w. doses. This study gives us a basic idea of the toxicity of this iodine monomer, 
which is promising; however, because our monomer was given orally to the mice and not 
intravenously (as it would as a CT contrast agent), the final toxicity of these materials can 
not be known. A better test would be to determine the max tolerated dose of the polymer 
particles because they should be at least emulsified in water (which is injectable). 
 The cytotoxicity of a sebacic film is shown in Graph 4.2. The percent viability was 
found using a CellTiter-Glo® luminescent cell viability kit to determine the amount of 
bioluminescent ATP present in the cells after 3 days of incubation. Each measurement was 
performed in triplicate with three independently prepared batches of polymeric material that 
possessed non-featured, chemically modified, and non-modified surfaces. Little to no 
cytotoxicity was observed for all samples. 
 
Graph 4.2: Cytotoxicity of sebacic acid film. 
4.3.3 Radiopacity 
The radiopacity of these films is shown in Figure 1. The images show the relative 
opacity compared to that of water for films made of succinic, adipic, and sebacic acid (left), 
sebacic acid when co-cured with 0, 10, 20, and 30 wt% PEG (middle), as well as a PEG 
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matrix containing micron sized succinic acid polymer particles (right). All of these materials 
were highly opaque compared to water, and this opacity corresponded well to the theoretical 
iodine present in the films. Elemental analysis showed little to no apparent loss of iodine 
upon curing, regardless of the dicarboxylic acid used. The ability to photo-cure the polymers 
into high quality films allowed for easy co-curing with a poly(ethylene glycol) dimethacrylate 
(PEG) to produce hydrophilic crosslinked highly iodinated films.  
 
Figure 4.1: X-ray projection images taken with a novel carbon-nanotube cathode x-ray 
source with a tungsten anode and 0.2 mm Be and 0.5 mm Al filtration, at 50 kVp energy. (A) 
From right to left crosslinked films made from succinic, adipic, and sebacic acid iodinated 
polymers. (B) From left to right, crosslinked films made from sebacic acid iodinated polymers 
with 0, 30, 20 and 10 weight percent PEG co-cured into the matrix. (C) PEG matrix with 
micron sized succinic acid polymer particles suspended in it. 
4.3.4 Degradation 
 The degradation and water uptake of adipic, sebacic, and sebacic with 20 wt% PEG 
were also tested. Over the course of 60 days there was very little to no apparent weight 
loss. This is not entirely surprising considering how much iodine is in there materials, which 
makes them very hydrophobic. This is also apparent in the water uptake results, showing 
very little water uptake. The addition of PEG did increase the water uptake, but had little 






Graph 4.3: Degradation results of iodinated polyesters, showing little to no degradation over 
the course of 60 days. 
 
Graph 4.4: Water uptake results, showing that addition of PEG did increase the water 
uptake. 
4.3.5 Shape Memory 
 These materials, adipic and sebacic acid based, also exhibit shape memory 
behavior.  Unlike the materials previously chapters, these materials are not semi-crystalline, 
so they have to rely on their glass transition in order to exhibit shape memory. Also, unlike 
semi-crystalline shape memory materials the shape memory transition temperature is much 
broader, which in the case of these materials means that both the adipic (Tg of 6.06 °C) and 
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succinic (Tg of 31.0 °C) acid based materials are capable of shape memory at room 
temperature (Figure 4.2 and 4.3).  
 
Figure 4.2: Macroscopic shape memory cycle of an adipic acid based iodinated polyester. 
 
Figure 4.3: Macroscopic shape memory cycle of a succinic acid based iodinated polyester. 
 The strain fixity (Rf) and recovery (Rr) were also found (not using a DMA). The adipic 
acid based polymer had a Rf of 79.1% and an Rr of 78.9%, and the succinic acid based 
polymer had a Rf of 97.0% and an Rr of 96.3%. The fact that the adipic acid polymer has 
such a lower fixity and recovery is not entirely surprising because the glass transition 
temperature is much lower than room temperature, thus the shape memory ability at or 
above room temperature will always be limited. However, for biomedical applications, such 
as coatings, perfect shape memory ability is not necessarily required. What would be more 
desirable is a material that was soft as tissue (in the 10 to 100 kPa) and could be tunably 
biodegradable over time. That way it could be used a shape memory biodegradable 
radiopaque marker. 
4.3.6 Particle Synthesis 
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 Additionally, nanoparticles were synthesized using both the adipic and sebacic acid 
based iodine containing polyesters (Figure 4.4 and 4.5). This synthesis was accomplished 
by both nano-precipitation and a combination of nano-precipitation (Figure 4.4) and 
liposomal/nano-precipitation synthesis (Figure 4.5) methods. Briefly, the iodinated adipic 
acid base methacrylate end-capped polymer was dissolved in dimethylformamide (DMF) 
with 2 wt% photoinitiator (diethoxyacetophenone); then, it was carefully added to a solution 
of stirred deionized water. As the DMF dissolved into the water, the polymer particle size 
decreased, thus producing nanoparticles.28 After several hours, the nanoparticle solution 
was irradiated with UV for 10 minutes. Then, the particle size was analyzed by scanning 
electron microscopy. The particles were approximately 100 nm in size and appeared to be 
relatively monodisperse.  However, this method was not reliable, and it was difficult to re-
disperse the particles water. Additionally, it would be ideal if these materials would also have 
a PEG coating on them, which is well known to increase circulation times of nano-particles 
and could potentially reduce the amount of iodine needed for good contrast (lower dose of 
the iodinated nano-particles). 
 
Figure 4.4: The nano-precipitation scheme is shown on top, where the blue particle is the 
iodinated polyester, green is the DMF, and the red is the photoinitiator. Below, SEMs of 
adipic acid nano-precipitated particles are shown at various magnifications. 
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Polymer particles were also made using a modified nano-precipitation method, which 
similar to the synthesis of liposomes, which would give the particles a PEG corona and 
would make them easily dispersed in water.11,12 A DMF containing solution of polymer and 
photoinitiator was added to a solution containing a lipid conjugated PEG (in this case, a 
monostearate) and lecithin (a phospholipid) in deionized water. This mixture was first 
sonicated for 20 minutes and then UV irradiated.  
 
Figure 4.5: Scheme of the liposome/nano-precipitation method is shown on top. Below, 
SEMs of adipic acid nano-precipitated particles are shown at various magnifications. 
This procedure resulted in particles that were 82±3 nm with an average PDI of 0.11 
for the adipic acid based polymer and 89±4 nm with an average PDI of 0.12 sebacic acid 
based polymer (Graph 4.5). In addition to being ideally less than 100 nm in size, these 
particles were also coated in a layer of PEG, which is known to increase the circulation and 
biocompatibility of nanoparticles. This outcome is ideal because particles with sizes between 
50 and 150 nm readily avoid the kidneys and are removed by the liver and spleen, but they 
are still capable of very long circulation times. This later method is also highly scalable—




Graph 4.5: Results of the liposomal/nano-precipitation method showing that either polymer 
can make 80 nm range particles with low PDIs. 
4.3.6.1 Scaling Up the Particle Synthesis 
 Graph 4.5 shows that very nice particles are possible but they were made on only a 
10 mL scale. In order for these materials to be a realistic alternative to current contrast 
agents, these particles must be able to be made in large quantities, high yields, and high 
purity. To that end several approaches were taken to determine the best conditions to 
synthesize particles, in this case adipic acid based, on large scales. In particular, probe 
sonication was explored as it has the potential to sonicate gram-sized batches of particles. 
In graphs 4.6 to 4.9, volume, percent polymer, sonication time, and duty cycle (percent time 
the sonicator is on). A 2 L batch of particle solution was made and then exposed to the 
below varying conditions and then were UV crosslinked before measurement by DLS. The 
resulting curves, not Z-average and PDI, are shown in below because the Z-average 
includes the large aggregates in both the Z-average and PDI and they cannot be separated. 
 First the effect of volume was tested, keeping sonication time (10 minutes), power 
(20%), and duty cycle (50%). Graph 4.6 shows that as the particle solution volume is 
increased the width of the curve decreases, meaning larger volumes are more favorable. 
Since the 250 mL size had the broadest distribution, it was chosen to test the effect of 
power, sonication time, and duty cycle. As shown in Graph 4.7, the higher power decreased 






















demonstrates that longer times seemed to have adverse effects on the size and dispersity 
and seemed to increase amount of large aggregates. Duty cycle, Graph 4.9, seemed to 
have the least affect on size, distribution, and amount of large aggregates. It seems that a 
duty cycle of 75% yielded the best results, but overall on changing the duty cycle only had 
very small effect on the size of the particles. Overall, particle should be made in at least 1 L 
batches, at 40% power, for less than 30 minutes, and at duty cycles no higher than 75%. 
 
Graph 4.6: Testing the effect on particle solution volume on size and distribution. Each 
solution was UV irradiated after sonication, and was sonicated for 10 minutes at 20% power 
and duty cycle at 50%. 
 
Graph 4.7: Testing the effect on sonicator power on size and distribution. Each solution, 











































Graph 4.8: Testing the effect on sonication time on size and distribution. Each solution, 250 
mL, was sonicated at varying times at 40% power and duty cycle of 50%. 
 
Graph 4.9: Testing the effect on duty cycle on size and distribution. Each solution, 250 mL, 
was sonicated for 10 minutes at 40% power at varying duty cycles. 
4.3.6.2 Initial Purification Attempts 
 Graph 4.5 shows that very nice particles are possible, but those were made on a 10 
mL scale and were then purified using an Amicon Ultra 30,000 MWCO filter, which is not a 
scalable purification method because only several milliliters of particles can be purified at 
once. A better purification method is needed to purify particles at larger scales. Our first 
attempt with this has been by using ultracentrifugation. However, as shown in Graph 4.10, 
while the adipic acid based particles are stable over long periods of time in water they do not 
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course of a month (a different of 0.6 nm and 0.02 respectively). When the particles, freshly 
made, were then ultracentrifuged (17,000 rpm for 45 minutes) the collected pellet of 
particles had a size of 109.7 nm and a PDI of 0.22 while the supernatant had particles that 
were 59.2 nm in size with a PDI of 0.08. While it was good to get such small sized particles, 
the amount of collected particles was 7x lower than expected (it was assumed that most of 
the particles would have been near the size range). Meaning that ultracentrifugation is not a 
good method for collecting and purifying the iodinated particles. 
 
Graph 4.10: The effect of ultracentrifugation on adipic acid based polymer particles. 
4.4 Conclusion 
 By polymerizing 2,2-(bisiodomethyl)-1,3-propanediol with various dicarboxylic acids, 
we were able to achieve various highly iodinated polymers. Our polymerization system 
allows for any carboxylic acid to be used, which results in an extraordinary range of different 
types of contrast agents. The results shown here used basic dicarboxylic acids, succinic, 
adipic, and sebacic acid, which yielded materials that could easily be processed into films 
and particles. Because the iodinated monomer is inactive to endcapping, we are able to 
make polymers that are capable of photocuring to produce crosslinked materials of any 
shape and size. These iodinated materials showed to be resistant to degradation and water 
absorbance, and showed that they had some shape memory ability. Particles were also 

























materials have promising low cytotoxicity, high radiopacity, potentially biodegradable 
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CONCLUSIONS AND FUTURE WORK 
 
 
5.1 General Conclusions 
This dissertation concerned the synthesis, characterization, and utilization of novel 
polyester-based materials for fundamental study and biological applications. Each chapter 
illustrated new areas for each discussed topic; functionalizable shape memory materials 
(Chapter II), shape memory particles (Chapter III), and wholly aliphatic radiopaque 
polyesters (Chapter IV).  
The first example of a shape memory material that controllably integrates reactive 
functionality, which has a broad impact on shape memory polymers and their applications, 
was discussed in Chapter II. In addition to exhibiting excellent shape memory properties on 
the macro-, micro-, and nano-scales, the surface chemistry of the material can be altered by 
functionalization with copper click chemistry. This material is uniquely capable of adjusting 
its surface chemistry by simply clicking on the desired functionality at either the initial or 
temporary shape, creating a material that is capable of both geometric and chemical surface 
switching. These results are particularly exciting as cell-dictating substrates that can deliver 
a unique combination of physical and chemical cues at the will of the researcher. From a 
fundamental perspective, the ability to monitor the shape memory ability of individual 




 Chapter III presents the first example of truly shape memory polymer particles. We 
have developed the first versatile method to produce shape memory polymer particles. In 
contrast to previous attempts, this method uniformly deforms particles of different shapes 
and sizes using the same polymer and method, requires no solvents except water, has a 
short processing time of only several hours, and allows for the functionalization of the 
particle surface. The ability to functionalize the polymer surface would allow for interesting 
core shell particles that could change the local density of the attached functionality through 
the shape memory transition. Using porogens with this system should allow for more 
dramatic shape memory transitions, and would have interesting nano-medicine based 
applications. Micro- and nanoscale actuation of both the particle surface and shape has 
significant potential value in various fields from biomedicine to polymer physics. 
 The development of a processable highly iodinated polyester for radiological 
applications was discussed in Chapter IV. By polymerizing 2,2-(bisiodomethyl)-1,3-
propanediol with various dicarboxylic acids, we were able to achieve various highly 
iodinated polymers. The results showed that the designed materials that could easily be 
processed into films and particles. These iodinated materials are resistant to degradation 
and water absorbance, and displayed moderate shape memory ability. Particles were also 
readily achievable in size ranges that make them ideal as contrast agents. The presented 
materials have promising low cytotoxicity, high radiopacity, potentially biodegradable 
(enzyme assisted), tunable properties, and low cost. 
5.2 Future Work and Directions 
5.2.1 Shape Memory Surfaces  
 The work outlined in Chapter II lays the ground work for numerous potential studies. 
Briefly, the ongoing and the potential work to be performed with these materials and 
systems will be discussed. 
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 These materials are not unique in structure, but they are unique in their utilization. 
Other poly(alkyl adipates) and the like can easily be synthesized and copolymerized with 
2,3-meso-diazoadipate. It was found, not surprisingly, that adding the azide-containing 
monomer in excess of 50 mol% with adipic acid reduced the shape memory ability of the 
material. Copolymerizing with different diols (such as butane- or dodecanediol) and 
carboxylic acids (such as succinic or sebacic acid) will have a profound effect on the 
crystallinity of the resulting materials. Increasing the crystallinity should enable more azide 
monomer to be added without loss of shape memory properties. An increase in available 
functionality on the surface should have profound effect on the wetting behavior of the 
system, both before and after functionalization. 
Because of the mildness of these polyesterification reactions, co-polymerizing with a 
known shape memory material (such as poly(octylene adipate)) and a functional monomer 
should be facile. This would lead to the potential of developing a library of functional shape 
memory materials. At the moment, this work is ongoing in the Ashby lab, and Figure 5.1 


















































































Figure 5.1: Examples of potential functionalizable shape memory polymers. 
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 How the presence of large molecules (such as polymers) affects a shape memory 
surface is an unanswered question of the presented research. Clickable ATRP (atomic 
transfer radical polymerization) functionalities can be readily synthesized and attached to 
the presented shape memory surfaces. Growing polymer chains on a shape memory 
surface would provide the unique opportunity to study chain dynamics of both the grown 
chains and the chains within the shape memory matrix. This idea is a part of an ongoing 
project within the Ashby group. 
 Studying how the surface is functionalized depending on shape, functionality, and 
time is essential for implementing these materials in future applications. In Chapter II, 
section 2.3.10.3, preliminary results of such studies were presented. The goal of using 
confocal Raman is to precisely pinpoint where the functionality is depending on the stage of 
shape memory cycle. To precisely define the location of the functionality (on the hundreds of 
nanometers scale), is critical for use in cell-substrate applications. Can we use the fact that 
different azides are available at different times in the shape memory cycle to potentially hide 
functionality? Can we control this enough to use in cell-substrate interactions? These 
questions need to be answered in order to continue, and they can be answered through 
carefully designed experiments and utilization of depth scans and planar Raman analysis of 
these shape memory surfaces. 
 Additionally, improvements in processing of shape memory surfaces should be 
explored. The manufacture of thin polymer films has proven to be vastly advantageous over 
the bulk film method. However, there are some improvements that should be made. The 
most important such improvement is finding a better substrate than PET for film fabrication. 
While the polymer material wets PET reasonably well, the glass transition temperature of 
PET is inconvenient for these materials. The buckling and movement of the PET when 
heated is responsible for the pinching effect observed in flat shape memory films and in thin 
films with small features. Ideally, the substrate should be below the glass transition 
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temperature of the SMP. This restriction would result in higher quality films (no pinch 
conformations) and could allow for simple stretching of the film. Stretching thin films of these 
materials has become interesting and important for a number of applications, including the 
study of crystallization on the surface, cell-substrate interactions where shapes contract or 
expand in only the x and y direction, and development of surfaces that change the color of 
the film if it is expanded or contracted. 
5.2.2 Shape Memory Particles 
 The potential projects associated with shape memory particles are vast because 
these are the first of their kind. Here, suggested projects that have the most promise will be 
discussed.  
 The most interesting projects are the ones that involve novel drug delivery materials. 
As the literature is full of research into making particles of particular sizes and shape; the 
literature is devoid of materials that transform their shape at a desired time and place and 
into the desired shape. Will being able to change the particle shape on cue have an effect 
on a particle’s ability to deliver the drug to the target? Will the change in size be significant 
enough for there to be any effect at all? First, nanoscopic shape memory particles should be 
synthesized. The vast majority of the relevant literature discusses the advantages of using 
nanoparticles over microparticles for drug delivery, so nanoparticles of different sizes and 
shapes should be developed. Ideally, these particles should be able to be stretched 
extensively to yield shape memory particles that can change their aspect ratios significantly 
at the will of the researcher. However, developing nanosized shape memory particles 
presents unique challenges that are not encountered when fabricating microparticles. Part of 
the advantage of using PRINTTM over PDMS is the ability to easily make and harvest 
nanoparticles because of the high surface energy of the material. It is unknown if the 
harvesting technique discussed in Chapter III will be as effective on the nanoscale. It would 
be advantageous if a highly stretchable fluorinated substrate could be used. Even 
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copolymerization of the stretchable PDMS and a perfluoropolymer could offer the blend of 
properties needed to accomplish this. 
  The ability to easily functionalize these shape memory particles is very exciting for 
numerous applications. Projects involving functionalization of different sides of the particles 
should be explored, in addition to functionalization of reactive and biologically relevant 
molecules. For example, if one side of one set of particles had amine groups clicked on the 
surface and one side of a second set of particles had a maleimide functionality group clicked 
on the surface, could they be reacted together to make Janus particles? What would happen 
to the functionality as the particle goes through the shape memory transition? What would 
happen if the functionality was attached at the secondary shape? These are unique 
questions that could only be answered by the above system. 
 Other properties to be explored with this system include the following: degradability, 
cytotoxicity, and how these particles become functionalized over time. Preliminary results 
show that the bulk material is not very degradable or cytotoxic, but different approaches to 
evaluate degradation (such as incorporation of a disulfide crosslinker or how these materials 
degrade in the presences of enzymes) and cytotoxicity (such as of the particles themselves 
and the degradation products) should be explored. How the functionalization is affected by 
the mold and whether the azides are damaged by the particle making process should also 
be explored. Additionally, how the porosity of these particles affects the shape memory 
ability and the possibility of removing the porogen in the mold should be explored. The 
ability to remove the porogen in the mold would be very interesting because it would allow 
for functionalization in the the particle to be different from the exterior, and it could 
potentially would lead to much greater changes in the size and shape of the particle. 
 Utilizing different polymers with different types of shape memory transitions should 
also be explored. Materials that are softer should deform much better and should yield more 
dramatic results. This technique could potentially be advantageous for light-based shape 
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memory polymers because these materials often suffer from low strain fixities and 
recoveries. Because the particles are small, it should not be as difficult to hold the shape in 
place, issues with inadequate light penetrating through the material should be avoidable. 
 It is worth briefly noting that the discussed semi-crystalline shape memory materials 
also exhibit reversible shape memory behavior on the macroscale (though results not 
presented in this dissertation). Expanding and studying reversibility on the micro- and 
nanoscale and its relationship to macroscale reversibility would be extremely interesting. 
5.2.3 Radiopaque Polyester Materials 
 The work discussed in Chapter IV has laid the preliminary ground work for 
radiopaque polyesters, considering both the particle and film applications. 
 Before publication and pursuit of different materials of this kind, the radiopacity, in 
vitro cytotoxicity, elemental concentration of iodine, and degradation rate of these particles 
need to be determined. Assuming little to no cytotoxicity and high amounts of iodine in the 
particles are observed, in vivo CT contrast studies will be performed. Here, the effect of 
polymer modulus, iodine content, and particle concentration will be tested, in addition to the 
iodinated particle’s ability to be a good CT contrast agent over time. Additionally, 
biodistribution will be determined to ensure the particles do not accumulate significantly in 
the kidneys.  
 The surface and bulk composition (in particular the amount of iodine present) and the 
viscosity of the injection solution (typically a 5% dextrose solution) should be characterized. 
The size and charge should also be determined using dynamic light scattering, and the 
experimental procedure should be adjusted to yield optimal results. Variables such as 
molecular weight of the polymer, polymer composition, dissolution solvent, concentration of 
the polymer solution, concentration of the lipid-PEG conjugate solution, lecithin present in 
the final solution, and overall concentration of the solution can be adjusted to yield particles 
of ideal size (between 20 and 100 nm), shape (spherical), and charge (zeta potential 
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between -30 and 30 eV). The lipid-PEG can be varied to change its molecular weight and 
surface composition. This adjustment would change the PEG shell around the particle, 
which would change the particle behavior in vivo. Changing the composition of the PEG 
should include functionalization of the surface, for example, with a targeting ligand. Nano-
precipitation will also enable the possibility of drug encapsulation, producing a drug delivery 
system where biodistribution is monitored by CT. The above modifications should be 
completed to alter and study the circulation, biodistribution, and effective opacity of the 
nanoparticles. Once these experiments are conducted, new materials can be produced to 
see if they can improve upon these properties. If these materials prove to be exceptional, 
more in-depth toxicity studies will be required. 
 These materials are advantageous over other reported radiopaque polymers in that 
they are very easily processable because they can be photocured. Radiopaque materials of 
this kind have potential in applications such as radiopaque markers for implants (e.g., 
stents) where gold would normally be employed. Studies involving long term (months) in 
vivo implantation of these materials should be done to determine how these materials 
degrade and how the degradation products interact with the surrounding tissue. Ideally, 
materials should be designed to have controllable degradation rates. This should be easily 
accomplished by the incorporation of a quickly degrading crosslinker (such as a disulfide 
compound).  
 Due to the robustness of the synthesized iodinated diol monomer, the final structure 
of the polymer can be easily varied. Homopolymers can be made by adjusting the 
incorporated diacid. These modifications in polymer composition will allow for variation of the 
hydrophilicity, iodine content, functionality, and mechanical and thermal properties of the 
system, thereby directly impacting their behavior and utility as CT contrast agents. For 
example, very soft crosslinked materials such as red blood cell mimics have been shown to 
have longer circulation time than hard materials.1 Materials with chemical functionalities, 
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such as thiol groups, can provide anchoring points for targeting ligands, drugs, or protein 
adsorption. Copolymerization or co-crosslinking with other monomers (e.g., di-, tri-, or 
tetraethylene glycol) or polymers (e.g., poly(methyl methacrylate), poly(D,L-lactide), or PEG) 
can also be explored in this system to further expand the range of properties. Potential 
diacids include malic, tartaric, 3-hydroxy-3-methylglutaric, citric, and poly(ethylene glycol) 
bis(carboxylmethyl) ether acid and are expected to greatly increase the hydrophilicity of the 
polymer material and in some cases (e.g., malic and tartaric acids) may produce semi-
crystalline materials. Diacids such as itaconic, mesaconic, mercaptosuccinic, fumaric, and 
chloro- or bromosuccinic acids will add additional functionality to the polymer backbone. 
Straight chain and cyclic alkane diacids such as succinic, hexadecanedioic, and 1,4-
cyclohexanedicarboxylic acid will fundamentally change thermal and mechanical properties 
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P(19,81) 25 deg C
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ATR-FTIR of shape memory cycle where the film is functionalized with propargyl alcohol the 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Elemental Analysis Results 
Iodomonomer  EXPECTED  Found  difference
%C  16.86  16.97  0.65 
%H   2.83  2.83  0.00 
%I     71.31  70.75  0.79 
%O   8.99  9.04  0.56 
%N  0.00  0.00  0.00 
Se   EXPECTED  Found  difference
%C  36.40  36.20  0.55 
%H   4.80  4.88  1.64 
%I     43.09  43.69  1.39 
%O   14.74  13.91  5.64 
%N  0.97  1.32  36.26 
Ad  EXPECTED  Found  difference
%C  31.45  33.34  6.00 
%H   3.82  4.31  12.72 
%I     47.07  41.66  11.49 
%O   16.50  18.63  12.93 
%N  1.16  2.06  77.92 
Su  EXPECTED  Found  difference
%C  27.08  29.74  9.81 
%H   3.07  3.58  16.72 
%I     52.35  51.22  2.17 
%O   16.39  14.09  14.01 
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